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Nevirapina (NVP), um inibidor da transcriptase reversa não-nucleósido (ITRNN) de 1ª 
geração, tem sido utilizado no tratamento da infeção pelo VIH-1 por mais de 20 anos. 
Este fármaco é um dos antirretrovirais mais prescritos a nível mundial devido à sua 
eficácia, baixo custo e perfil lipídico favorável, particularmente em relação aos 
aumentos dos níveis de colesterol das lipoproteínas de alta densidade (HDL). De facto, 
o tratamento antirretroviral com NVP tem sido associado à redução de lesões 
ateroscleróticas em doentes infectados pelo VIH. É importante salientar que não 
existem fármacos comercialmente disponíveis que permitam um aumento efectivo dos 
níveis de colesterol das HDL ou uma melhoria da funcionalidade das partículas de HDL. 
Apesar das vantagens clínicas associadas à NVP, este fármaco tem sido também 
associado à reações hepatotóxicas e de sensibilidade cutânea potencialmente graves, 
que impedem a sua indicação em outras áreas terapêuticas. Contudo, desenvolvimentos 
recentes na nossa compreensão da toxicocinética da NVP elucidaram que estas reações 
adversas estão relacionadas com vias de biotransformação e bioactivação específicas. A 
nossa hipótese, que se encontra fortemente embasada na literatura, é que o perfil 
benéfico da NVP na modulação das HDL é devido a um metabolito da NVP e não ao 
fármaco. De forma a testar esta hipótese, o principal objectivo do trabalho de 
investigação foi compreender as relações entre o tratamento com NVP, a 
biotransformação do fármaco e a modulação da funcionalidade das HDL, de modo a 
gerar conhecimento útil que permita o desenho racional de um novo fármaco 
modulador das HDL, com um melhor perfil toxicológico que a NVP. Este trabalho 
encontra-se focado em dois componentes do proteoma das HDL essenciais à 
funcionalidade destas partículas: Apolipoproteína A1 (ApoA1), o precursor e principal 
componente proteico das HDL, e a enzima antioxidante paraoxonase-1 (PON-1). 
Primeiramente, a nossa abordagem experimental baseou-se em dois estudos clínicos 
exploratórios conduzidos com doentes infectados pelo VIH, com um desenho 
prospectivo e transversal, respectivamente (Capítulo 1). Onze doentes infectados pelo 
VIH a iniciar terapêutica com NVP foram acompanhados prospectivamente por um 




doentes naïve e 186 doentes tratados com NVP (400 mg NVP/dia durante pelo menos 3 
meses). Os end-points avaliados nestes estudos clínicos foram os níveis de colesterol 
das HDL, ApoA1, anticorpos anti-HDL e anti-ApoA1, atividades paraoxonase (POase), 
arilesterase (AREase) e lactonase (LACase) da enzima PON-1. O tratamento com NVP foi 
associado a níveis mais elevados de colesterol das HDL e ApoA1, maiores atividades da 
PON-1 e níveis mais reduzidos de anticorpos anti-HDL e anti-ApoA1, o que sugere uma 
melhor funcionalidade das HDL entre os doentes tratados com NVP. A modulação 
temporal da funcionalidade das HDL ao longo do tratamento com NVP evidenciou-se no 
estudo prospectivo. O evento observado mais precocemente foi o decréscimo dos 
anticorpos anti-HDL, enquanto que mudanças nos restantes end-points foram 
observadas mais tardiamente. No estudo transversal, mulheres tratadas com NVP 
constituíram o grupo de doentes com níveis mais elevados de colesterol das HDL e 
ApoA1. A análise das relações entre as concentrações plasmáticas de NVP e dos seus 
três principais metabolitos de fase I revelou que concentrações mais elevadas de NVP 
estão associadas a níveis mais elevados de 2-hidroxi-NVP (2-OH-NVP), 12-hidroxi-NVP 
(12-OH-NVP) e particularmente a níveis mais elevados de 3-hidroxi-NVP (3-OH-NVP). 
Este padrão de metabolitos poderá reflectir uma indução preferencial do CYP2B6 pela 
NVP, o que levaria à formação de 3-OH-NVP. Adicionalmente, proporções mais elevadas 
de 3-OH-NVP foram associadas a menores proporções de 2-OH-NVP e 12-OH-NVP. A 
proporção de 2-OH-NVP foi também fortemente associada a níveis mais baixos de 
anticorpos anti-HDL. Estas observações parecem consistentes com a activação do 
receptor constitutivo de androstano (CAR) pela NVP, enquanto que o efeito tardio na 
modulação da funcionalidade das HDL sugere a acumulação de um metabolito da NVP 
com perfil lipídico mais favorável.   
De modo a esclarecer a contribuição individual de cada via de biotransformação da NVP 
na modulação da PON-1 e da ApoA1, foram realizados estudos in vitro com três modelos 
de hepatócitos. A NVP e os seus principais metabolitos de fase I, 2-OH-NVP e 12-OH-
NVP, foram incubados em culturas primárias 2D e 3D de hepatócitos de rato e também 
em culturas 2D da linha celular HepG2. Comprovou-se que o modelo 3D de hepatócitos 
é o mais adequado para investigar os efeitos da NVP e dos seus metabolitos na PON-1 




das três actividades da PON-1, após um período de exposição de apenas 4 dias. Por outro 
lado, os aumentos dos níveis de ApoA1 ocorreram após 12 dias de exposição: a NVP 
induziu um aumento de 43 % enquanto o 2-OH-NVP induziu um aumento de 86 %. Estas 
evidências in vitro sugerem que a formação de 12-OH-NVP parece ser o principal factor 
responsável pelo aumento das actividades da PON-1 induzido pela NVP, enquanto que 
os efeitos tardios do 2-OH-NVP apontam para um efeito na ApoA1 devido a geração e a 
acumulação de um metabolito de fase II. 
Estas descobertas preliminares são particularmente relevantes considerando a 
importância da PON-1 e da ApoA1 como alvos terapêuticos. Por exemplo, a PON-1 tem 
sido implicada na patogénese de diversas doenças relacionadas com o envelhecimento. 
Relativamente à ApoA1, o aumento desta proteína anti-aterogénica tem sido 
considerado com uma das abordagens mais promissoras com vista ao aumento dos 
níveis de colesterol das HDL e para melhoria da função das HDL. Para além da área 
cardiovascular, níveis reduzidos de ApoA1 têm sido descritos em muitos tipos de 
neoplasias. Adicionalmente, considerando o perfil dimórfico dependente do sexo 
associado à modulação da ApoA1 induzida pela NVP, observado no estudo clínico 
transversal, foi formulada a hipótese de que a NVP ou um análogo pudessem ter uma 
aplicação terapêutica em neoplasias que afectam particularmente as mulheres. Esta 
suposição levou-nos ao cancro do ovário, uma neoplasia especificamente feminina e 
com mau prognóstico, caracterizada por uma expressão de ApoA1 diminuída no tecido 
ovárico e por níveis reduzidos de ApoA1 no plasma. Por esta razão, foram investigados 
os efeitos da ApoA1 e de um péptido mimético da ApoA1 no fenótipo maligno de células 
de cancro do ovário (Capítulo 4). A ApoA1 e o péptido 4F foram ambos capazes de 
reduzir a viabilidade de linhas celulares de cancro do ovário. A ApoA1 reduziu a 
capacidade de invasão das células SKOV3, enquanto que o péptido mimético da ApoA1 
provocou a supressão da via de sinalização do Akt. De acordo com este efeito na via do 
Akt, o péptido mimético da ApoA1 tornou as células de cancro do ovário mais sensíveis 
à cisplatina. Este efeito foi observado não só in vitro mas também no ensaio in ovo em 
membrana corioalantóica (CAM), um modelo mais relevante do ponto de vista 
biológico.  Estes resultados corroboram o efeito anti-tumorigénico da ApoA1 e do 




Em conclusão, com este trabalho de investigação foi possível contribuir para uma 
melhor compreensão do papel da biotransformação da NVP na modulação da 
funcionalidade das partículas de HDL. Esta abordagem inovadora, guiada pelo 
conhecimento das vias de biotransformação da NVP, poderá contribuir para o 
desenvolvimento de novos fármacos cujo alvo terapêutico seja a HDL. Tais fármacos 
podem ajudar a ampliar os recursos terapêuticos para diversas patologias que estão 



















The 1st generation non-nucleoside reverse transcriptase inhibitor (NNRTI) nevirapine 
(NVP) has been used for over 20 years for the treatment of HIV-1 infection. This drug is 
one of the most prescribed antiretrovirals worldwide due to its efficacy, low cost and 
lipid-friendly properties, particularly regarding increases in high density lipoprotein 
(HDL)-cholesterol levels. In fact, NVP-based antiretroviral treatment has been 
associated with a reduction of atherosclerotic lesions in HIV-infected patients. 
Importantly, there are no drugs available to effectively increase HDL-cholesterol levels 
or to improve the functionality of HDL particles. Despite NVP significant clinical 
advantages, this drug has been associated with severe hepatotoxic reactions and skin 
rash, which prevents its reprofiling for other therapeutic areas. However, recent 
developments in our understanding of NVP toxicokinetics have elucidated that these 
adverse reactions are biotransformation-driven and related to specific bioactivation 
pathways. Our hypothesis strongly based on literature was that the HDL-friendly profile 
of NVP was due to a metabolite rather than NVP itself. To address our hypothesis the 
main objective of the current research work was to understand the relations between 
NVP treatment, drug biotransformation and NVP-induced modulation of HDL 
functionality, in order to gain useful insights for the rational design of a new HDL 
modulator, with a better safety profile than NVP. In this work, we have been focused in 
two components of HDL proteome critically involved in the functionality of HDL 
particles: Apolipoprotein A1 (ApoA1), the precursor and main protein component of 
HDL, and the antioxidant enzyme paraoxonase-1 (PON-1).  
Our experimental approach was firstly based on two exploratory clinical studies, 
conducted with HIV-infected patients with a prospective and a cross-sectional design, 
respectively (Chapter 1). Eleven HIV-infected patients starting NVP-based treatment 
were prospectively followed for up to 20 weeks. In the cross-sectional study, a total of 
146 naïve patients and 186 NVP-treated patients (400 mg NVP/day for at least 3 months) 
were included. The end-points evaluated in these clinical studies were HDL-cholesterol, 
ApoA1, anti-HDL and anti-ApoA1 antibodies, paraoxonase (POase), arylesterase 




associated with higher levels of HDL-cholesterol and ApoA1, higher PON-1 activities and 
lower levels of anti-HDL and anti-ApoA1 antibodies, suggesting an overall better HDL 
functionality among NVP-treated patients. The temporal modulation of HDL 
functionality throughout NVP treatment was evident in the prospective study. The 
earliest event observed was the decrease in anti-HDL antibodies, while changes on the 
remaining end-points were later observed. In the cross-sectional analysis, women on 
NVP treatment was the group with higher levels of HDL-cholesterol and ApoA1. An 
analysis of the relations between NVP plasma concentrations and its three main phase I 
metabolites showed that higher NVP concentrations were associated with higher levels 
of 2-hydroxy-NVP (2-OH-NVP), 12-hydroxy-NVP (12-OH-NVP) and particularly with 
higher levels of 3-hydroxy-NVP (3-OH-NVP). This might reflect a preferential induction 
of CYP2B6 by NVP, which generates 3-OH-NVP. Also, higher proportions of 3-OH-NVP 
were associated with lower proportions of 2-OH-NVP and 12-OH-NVP. The proportion 
of 2-OH-NVP was also strongly associated with lower levels of anti-HDL antibodies. This 
metabolite profile seems to be consistent with NVP-induced activation of constitutive 
androstane receptor (CAR), and the late modulatory effects on HDL functionality suggest 
the accumulation of a NVP metabolite with more lipid-friendly properties than NVP.  
In order to clarify the individual contribution of each NVP biotransformation pathway 
affecting the modulation of PON-1 and ApoA1, we performed in vitro studies employing 
three different hepatocyte models. NVP and its main phase I metabolites, 2-OH-NVP and 
12-OH-NVP, were incubated in 2D and 3D primary cultures of rat hepatocytes and also 
in 2D HepG2 cultures. The 3D hepatocyte model has proved to be the most suitable to 
investigate the effects of NVP and its metabolites on PON-1 (Chapter 2) and ApoA1 
(Chapter 3). The 12-OH-NVP metabolite was a booster for the three activities of PON-1, 
after a short exposure of 4 days. Increases of ApoA1 levels only occurred after 12 days 
of exposure: up to 43 % for NVP and up to 86 % for 2-OH-NVP incubation. This in vitro 
evidence suggests that the formation of 12-OH-NVP seems to be the main factor 
responsible for the increase of PON-1 activities induced by NVP exposure, while the 
delayed onset effects of 2-OH-NVP on ApoA1 points towards a boosting effect due to 




These preliminary findings are particularly relevant considering the importance of PON-
1 and ApoA1 as therapeutic targets. For instance, PON-1 has been implicated in the 
pathogenesis of several aging-related diseases. Relatively to ApoA1, the upregulation of 
this anti-atherogenic protein has been considered one of the most promising 
approaches to increase HDL-cholesterol levels and improve HDL function. Beyond the 
cardiovascular field, decreased levels of ApoA1 have been reported in many types of 
cancer. Furthermore, considering the sex-dependent dimorphic profile of NVP-induced 
ApoA1 modulation observed in the cross-sectional clinical study, we hypothesised that 
NVP or an analogue might have a therapeutic application in malignancies affecting 
particularly women. This prompted us towards ovarian cancer, a women-specific 
malignancy with poor prognosis characterised by decreased ApoA1 expression in the 
ovarian tissue and decreased serum levels of ApoA1. We investigated the effects of 
ApoA1 and an ApoA1 mimetic peptide on the malignant phenotype of ovarian cancer 
cells (Chapter 4). The full-length ApoA1 and the 4F ApoA1 mimetic were both able to 
decrease the viability of ovarian cancer cell lines. ApoA1 was able to decrease the 
invasiveness of the aggressive SKOV3 cancer cells, while the ApoA1 mimetic peptide 
strongly suppressed Akt signalling. Accordingly, the ApoA1 mimetic peptide was able to 
sensitise ovarian cancer cells to cisplatin. This sensitisation effect was observed both in 
vitro and in the biologically relevant in ovo chorioallantoic membrane (CAM) model. 
These results support the anti-tumorigenic effect of ApoA1 and ApoA1 mimetic 
peptides.  
In conclusion, with the current work, we have contributed to a better understanding of 
the role of biotransformation in the NVP-induced modulation of HDL particle 
functionality. This innovative biotransformation-oriented approach might contribute for 
the development of new drugs targeting HDL levels and quality that can help to expand 
the therapeutic arsenal for several diseases, from atherosclerosis to cancer, associated 
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1. Nevirapine re-profiling: from an anti-HIV drug to an HDL modulator – overview 
of the research hypothesis and key ideas  
 
Several antiretroviral drugs with different mechanisms of action and therapeutic targets 
are commercially available for the treatment and prophylaxis of human 
immunodeficiency virus (HIV)-infection (Arts and Hazuda, 2012) and many other small 
molecules are currently under development (Lalezari et al., 2015; Hermann, 2016; 
Dlamini and Hull, 2017; González, 2017; Kang et al., 2017; Yi et al., 2017). The availability 
of antiretroviral drugs for treating HIV-infection and the introduction of a therapeutic 
strategy based on a combination of at least three antiretrovirals, known as combined 
antiretroviral therapy (cART), had a tremendous impact on the outcome of this viral 
infection, which is now considered as a chronic manageable condition (Oversteegen et 
al., 2007; Barré-Sinoussi et al., 2013). According to the recommendations of the World 
Health Organization for treating HIV-infected adults and adolescents, the first line cART 
should consist of a nucleoside reverse transcriptase inhibitor (NRTI), such as 
emtricitabine (FTC) or lamivudine (3TC), in combination with tenofovir disoproxil 
fumarate (TDF) and a non-nucleoside reverse transcriptase inhibitor (NNRTI), or 
alternatively, two NRTIs in combination with a NNRTI or an integrase inhibitor. 
Additionally, other classes of antiretroviral drugs can be included in a cART scheme as 
second or third line options, namely ritonavir-boosted protease inhibitors (PI) and 
integrase inhibitors (World Health Organization, 2016).      
The current dissertation will be focused on the 1st generation NNRTI nevirapine (NVP)  
that received the approval of the U.S. Food and Drug Administration (FDA) over 20 years 
ago for the treatment of HIV-1 infection (Bowersox, 1996). This drug remains one of the 
most prescribed antiretrovirals, particularly in middle- and low-income countries 
(Oreagba et al., 2014; Dragovic et al., 2016), due to its positive cost-effectiveness 
evaluation (Maredza et al., 2013). In addition to its use for treating HIV infection, NVP is 
also commonly prescribed to pregnant women, newborns and breastfeeding babies of 
HIV-infected mothers to prevent vertical transmission of HIV (Maredza et al., 2013; 
Stevens and Lyall, 2014; World Health Organization, 2016; Lau et al., 2017). 
Furthermore, the availability of an extended-release formulation of NVP, allows a more 




reactions on the central nervous system (contrarily to the other 1st line NNRTI, efavirenz 
(EFV)) allows NVP prescription to HIV-infected patients with neuropsychiatric conditions 
or who are illicit drugs users (Medrano et al., 2008; Mbuagbaw et al., 2016). These 
factors have guaranteed NVP-based cART a prominent role in HIV-1 treatment 
strategies. Besides the above-mentioned clinical advantages, NVP has been also 
associated with beneficial changes in the lipid profile of HIV-infected patients, 
particularly regarding the high density lipoprotein (HDL). In fact, an association of NVP 
treatment with a better lipid profile and higher HDL-cholesterol levels has been 
demonstrated in patients on first cART (Clotet et al., 2003; van Leth et al., 2004), in 
experienced patients switching from a PI- to a NVP-based cART (Ruiz et al., 2001; Clotet 
et al., 2003), in pregnant HIV-infected women (Floridia et al., 2009) and also in 
uninfected newborns on NVP for HIV infection prophylaxis (Sankatsing et al., 2007).  
HDL levels are strongly and independently associated with a decrease in cardiovascular 
disease risk (Gordon et al., 1989; The Emerging Risk Factors Collaboration, 2009). The 
HDL particle is, indeed, a crucial player in essential antiatherogenic processes, namely in 
reverse cholesterol transport (Kingwell et al., 2014) but also in many other physiological 
functions, such as regulation of immune responses and inflammation (Yu et al., 2010; 
Camps et al., 2011; Liu et al., 2015), modulation of male and female fertility (Miettinen 
et al., 2001; Bogan and Hennebold, 2010; Agarwal et al., 2015) and prevention of 
tumorigenesis (Zamanian-Daryoush et al., 2013). Despite the importance of measuring 
the levels of cholesterol contained in HDL particles, in recent years it has been 
increasingly recognised the therapeutic relevance of improving HDL functionality rather 
than merely increasing HDL levels (Rosenson et al., 2015; Rhee et al., 2017).  
Despite intensive efforts to develop an HDL booster, to date there are no drugs to 
effectively improve HDL function and increase HDL levels (Table 1; Barter et al., 2007; 
Nissen et al., 2007; The AIM-HIGH Investigators, 2011; The HPS2-THRIVE Collaborative 
Group, 2014; Ferreira and Marques da Silva, 2016; Nicholls et al., 2016; Eyvazian and 
Frishman, 2017; Fadini et al., 2017). For instance, the strategy of inhibiting cholesteryl 
ester transfer protein (CETP) to block cholesteryl esters-depletion and concomitant 
triglyceride-enrichment of HDL particles, became one of the greatest failures in the 
search for an HDL booster (“Learning lessons from Pfizer’s $800 million failure,” 2011; 




hyperaldosteronism, hypertension, increased risk of major cardiovascular events and 
death for any cause (Barter et al., 2007), while Lilly’s evacetrapib has demonstrated no 
clinical benefit in the prevention of coronary events or cardiovascular death (Nicholls et 
al., 2011a; Eyvazian and Frishman, 2017), despite remarkable increases in HDL-
cholesterol levels with both drugs. Another interesting case in this search for an HDL 
booster has been niacin. This drug has failed to demonstrate any benefit in the 
prevention of major coronary events, myocardial infarction or stroke despite significant 
increases in HDL-cholesterol levels (The AIM-HIGH Investigators, 2011; The HPS2-
THRIVE Collaborative Group, 2014), being also associated with nonspecific toxicity (The 
HPS2-THRIVE Collaborative Group, 2014). The lack of clinical benefit with niacin can be 
explained by the generation of dysfunctional HDL particles (Batuca et al., 2016), which 
further supports the importance of modulating HDL function rather than merely 
increasing HDL levels. Notably, the increases in HDL achieved with NVP treatment (van 
der Valk et al., 2001; Clotet et al., 2003; van Leth et al., 2004; Sankatsing et al., 2007; 
Franssen et al., 2009; Podzamczer et al., 2011, 2014; Strehlau et al., 2012) are far more 
significant than those reported with peroxisome proliferator-activated receptor alpha 
(PPAR α) agonists (Nissen et al., 2007; Davidson et al., 2014; Ishibashi et al., 2016; Ferri 
et al., 2017), with statins in combination with ezetimibe (Ballantyne, 2003; Catapano et 
al., 2005; Ferreira and Marques da Silva, 2016) and with other therapeutic approaches 
such as the inhibition of proprotein convertase subtilisin/kexin type 9 (PCSK9) with the 
monoclonal antibody evolocumab (Sullivan et al., 2012) or the inhibition of  sodium-
glucose co-transporter-2 (SGLT2) with dapagliflozin (Fadini et al., 2017). In fact, unlike 
NVP (Tohyama et al., 2009), the use of dapagliflozin was associated with decreased HDL 
function, measured by decreased cholesterol efflux capacity (Fadini et al., 2017). It is 
also interesting to note that NVP promotes higher increases in the levels of 
apolipoprotein A1 (ApoA1) than RVX-208 (Franssen et al., 2009; Nicholls et al., 2011b, 
2016), a drug specifically designed to epigenetically modulate ApoA1 transcription 
through specific inhibition of second bromodomains in the bromodomain and extra-
terminal (BET) proteins (Picaud et al., 2013). The upregulation of ApoA1, the precursor 
and main protein constituent of HDL particles, has been recently recognised as one of 
the most promising approaches to increase HDL levels and function (Gadkar et al., 2016). 




replication control, as demonstrated by Sankatsing (2007) in uninfected newborns 
receiving NVP. Moreover, unlike other therapeutic approaches associated with no 
clinical benefits (Barter et al., 2007; Nicholls et al., 2011b, 2011a, 2016; The AIM-HIGH 
Investigators, 2011; The HPS2-THRIVE Collaborative Group, 2014; Eyvazian and 
Frishman, 2017; Fadini et al., 2017), NVP treatment was associated with a reduction of 
atherosclerotic lesions, assessed by carotid intima-media thickness measurements 
(Maggi et al., 2011; Gleason et al., 2016). Therefore, NVP seems to be an interesting 
starting point for the development of an HDL booster with significant clinical benefits. 
Despite of NVP association with severe toxic reactions (Pollard et al., 1998; Cattelan et 
al., 1999; Taiwo, 2006), recent developments in our understanding of NVP 
pharmacology and toxicology have clarified that these adverse reactions are 
biotransformation-driven, related to particular bioactivation pathways and caused by 
the formation of specific reactive species (Antunes et al., 2008, 2010a, 2010b; Chen et 
al., 2008; Caixas et al., 2012; Marinho et al., 2014b). These new insights have led us to 
the hypothesis that a metabolite or a derivative of NVP, with less potential for toxicity, 
can be reprofiled as an HDL booster, in order to fill the gap that still exists in current 
therapeutics for improving levels and quality of HDL particles. 
 
The key ideas on the basis of the present research work can be summarised as follows:         
 
• NVP is a 1st line antiretroviral drug (World Health Organization, 2016) associated 
with increases in HDL levels and an overall positive lipid profile in HIV-infected 
patients (van der Valk et al., 2001; Clotet et al., 2003; van Leth et al., 2004; 
Sankatsing et al., 2007; Franssen et al., 2009; Podzamczer et al., 2011, 2014; 
Strehlau et al., 2012); 
• This HDL modulator effect is intrinsic to NVP and not related to the suppression 
of HIV replication (Sankatsing et al., 2007; Franssen et al., 2009); 
• There are currently no drugs to effectively increase HDL levels or improve HDL 
function, and all the attempts to develop an HDL booster molecule have failed 
due to lack of clinical benefits or drug-related toxicity (Table 1); 
• The HDL increases achieved with NVP treatment are far more significant than the 




benefits in terms of atherosclerosis progression with NVP treatment are already 
demonstrated (Maggi et al., 2011; Gleason et al., 2016); 
• The main drawback of NVP treatment is NVP-related toxicity, which is dependent 
on drug biotransformation and bioactivation through specific metabolic 
pathways (Antunes et al., 2010a; Caixas et al., 2012; Marinho et al., 2014c; 
Pinheiro et al., 2017).   
 
The main goal of the research work described in the current dissertation was to clarify 
the relationship among NVP, its biotranformation and NVP-induced modulation of HDL 
levels and functionality. Using a strategy including in vitro and a prospective and cross-
sectional clinical studies, we aimed to provide a rationale for the design of a clinically 
relevant and safer HDL booster molecule. A drug able to improve the quality of HDL 
particles would have applications not only in the field of cardiovascular diseases. For 
example, in recent years HDL components, such as ApoA1 (Zamanian-Daryoush and 
DiDonato, 2015) and the antioxidant enzyme paraoxonase-1 (PON-1) (Zhang et al., 
2015), have emerged as interesting therapeutic targets in oncology, particularly for 
gynaecological malignancies (Su et al., 2010). Therefore, research in the modulation of 
HDL levels and quality has many potential translational applications and can bring real 
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Table 1 Increase on high density lipoprotein-cholesterol and apolipoprotein A1 levels associated with different pharmacological interventions compared to 
nevirapine. These pharmacological interventions, evaluated in prospective randomized clinical trials, were aimed at preventing cardiovascular events and 
atherosclerosis. 
Pharmacological interventions Dose Treatment period 
Mean % changes from baseline Observations (eg. study design, 




PPAR α  
Agonists 
Pemafibrate (K-877) 0.2 mg twice a day 12 weeks + 21% * + 9% * 
 
Ishibashi et al., 
2016 
Fenofibrate 100 mg/day 12 weeks + 14% * + 6% * 
LY-518674 25 µg/day 12 weeks + 16% * + 10% *  
Up to 20% increase in LDL;  
Nephrotoxicity. 1 
Nissen et al., 2007 
Fenofibrate 200 mg/day 12 weeks + 14% * + 9% * Nephrotoxicity. 1 
Niacin  
Extended-release 
niacin + laropiprant 2 
Niacin 2 g + 
laropiprant 40 mg  
4 years + 14%  Non-quantified 
Lack of clinical benefit against 
placebo; 3 
toxicity. 4 
The HPS2 - THRIVE 
Collaborative 
Group, 2014  
BET protein 
inhibitor 
RVX-208 5 150 mg twice a day 12 weeks + 8% * + 6% * Hepatotoxicity. 6 
Nicholls et al., 
2011b 
                                                          
1 Nephrotoxicity was related with marked increases in serum creatinine, above the upper limit of normal, in approximately 40% of patients treated with LY-518674 or with 
200 mg fenofibrate. 
2 Laropiprant is a prostaglandin D2 receptor 1 antagonist, which is prescribed in combination with niacin for reducing niacin-related flushing. 
3 Lack of clinical benefit against placebo, in terms of prevention of major coronary events, stroke or need for revascularization procedure, despite increases in HDL levels. 
4 Glucose homeostasis disturbances, serious adverse events associated with gastrointestinal and musculoskeletal systems, skin toxicity, increased incidence of infections and 
bleeding episodes.    
5 RVX-208 is a bromodomain and extra-terminal (BET) protein inhibitor aimed to increase the hepatic synthesis of ApoA1, based on an epigenetic therapeutic approach. 
6 Hepatotoxicity was related with increases in alanine aminotransferases and/or aspartate aminotransferases above 3 times the upper limit of normal, compared with placebo. 
* HDL and ApoA1 levels differ from placebo and differ from baseline (p< 0.05). 
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Pharmacological interventions Dose Treatment period 
Mean % changes from baseline Observations (eg. study design, 








Rosuvastatin 40 mg/day 
Between 6 and 12 
weeks 
+ 10% + 6%  
Pooled data from 14 clinical 
trials.  
Catapano et al., 
2005 Ezetimibe 7 + 
simvastatin 
Ezetimibe 10 mg/day 
+ simvastatin 20 
mg/day 
Between 5 and 12 
weeks 




12 weeks + 4% 0% 
 
Ballantyne et al., 
2003 Ezetimibe + 
atorvastatin  
Ezetimibe 10 mg/day 
+ atorvastatin 20 
mg/day 
12 weeks + 9% § 0% 
Atorvastatin  40 mg/day  2 years + 3% + 3%  
Davidson et al., 
2014 Fenofibric acid + 
atorvastatin  
Fenofibric acid 135 
mg/day + atorvastatin 
40 mg/day  
2 years + 7% § + 5% Nephrotoxicity. 8 
Simvastatin  40 mg/day 3 years + 12% + 3% 
Lack of clinical benefit. 9 
The AIM - HIGH 
Investigators, 2011 Extended-release 
niacin + simvastatin  
Niacin 2 g/day + 
simvastatin 40 
mg/day 
3 years + 25% § + 7% 
                                                          
7 Ezetimibe is a selective cholesterol-absorption inhibitor. 
8 Nephrotoxicity was related with increases in serum creatinine levels and decreases in estimated glomerular filtration rate among patients in the fenofibric acid plus 
atorvastatin arm.  
9 There was no advantage of adding niacin to simvastatin in terms of primary endpoints (i.e. death from coronary heart disease, myocardial infarction, ischemic stroke, acute   
coronary disease or need for coronary/cerebral revascularization), despite increases in HDL levels.  
§ HDL levels differ between monotherapy and combination therapy (p< 0.05). 
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Pharmacological interventions Dose Treatment period 
Mean % changes from baseline Observations (eg. study design, 














26 weeks + 9% * + 11% * 
 
 








208 100 mg 
twice/day 
26 weeks + 11% * + 13% * 





1 year + 1%  
Non-quantified 
 




dose 12 + torcetrapib 
60 mg/day 
1 year + 70% § 
Torcetrapib-related serious 
adverse events and increased 
risk of death. 14 
Rosuvastatin  10 mg/day 12 weeks + 6% 
Non-quantified 
Evacetrapib-related 
hypertension; no clinical 
benefit. 15 
Nicholls et al., 
2011a; Eyvazian and 
Frishman, 2017.   Rosuvastatin + 
evacetrapib 13 
Rosuvastatin 10 
mg/day + evacetrapib 
100 mg/day 
12 weeks + 94% § 
                                                          
10 No advantage of adding RVX-208 to statins in terms of atherosclerotic plaque regression. 
11 Hepatotoxicity was related with increases in alanine aminotransferases and/or aspartate aminotransferases above 3 times the upper limit of normal, among patients in the 
RVX-208 arm. 
12 Patients received optimal dose of atorvastatin to achieve LDL-cholesterol levels lower than 100 mg/dL. 
13 Torcetrapib and evacetrapib are cholesteryl ester transfer protein (CETP) inhibitors. 
14 Torcetrapib was associated with higher systolic and diastolic blood pressure, disturbances in serum electrolytes, increased serum aldosterone, prolongation of QT interval 
and increased risk of stroke, transient ischemic attack, hospitalisation for unstable angina, increased risk of major coronary events and increased risk of death for any cause.     
15 No clinical benefits in terms of cardiovascular death, myocardial infarction, stroke, need for coronary revascularisation or unstable angina hospitalisation. § HDL levels differ 
between monotherapy and combination therapy (p< 0.05). 
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Pharmacological interventions Dose Treatment period 
Mean % changes from baseline Observations (eg. study design, 




SGLT2 inhibitors Dapagliflozin 10 mg/day 12 weeks 0% Non-quantified Decreased HDL function. 16 Fadini et al., 2017 
PCSK9 inhibitors 
Evolocumab 17 
420 mg every 4 
weeks. 
12 weeks + 7% * + 8% *  
Sullivan et al., 2012 
Evolocumab + 
ezetimibe  
Evolocumab 420 mg 
every 4 weeks + 
ezetimibe 10 mg/day 





HIV infection.  
24 weeks + 49% *¶ + 19% *¶ Naïve patients  
van der Valk et al., 
2001;Clotet et al., 
2003.  
48 weeks + 28% *¶ + 18% *¶ Naïve patients 
Podzamczer et al., 
2011 
48 weeks + 43% ¶ Non-quantified Naïve patients van Leth et al., 2004 
96 weeks + 42% * Non-quantified Naïve patients 
Podzamczer et al., 
2014 
24 weeks + 16% * + 17% * Experienced patients 18 Franssen et al., 2009 
24 weeks + 20% * Non-quantified PI-experienced patients Clotet et al., 2003 
2.5 years + 35% ¶ Non-quantified PI-experienced children Strehlau et al., 2012 
6 weeks + 8% ¶ + 17% ¶ Uninfected newborns 
Sankatsing et al., 
2007 
                                                          
16 Cholesterol efflux capacity was significantly lower versus placebo and versus baseline.  
17 Evolocumab is a monoclonal antibody targeting proprotein convertase subtilisin/kexin type 9 (PCSK9), the enzyme that mediates the trafficking of LDL receptor. This 
monoclonal antibody is particularly useful for statin-intolerant patients; it is administered subcutaneously.  
18 Patients (n=12) did not switch to NVP-based cART; NVP was added to current cART (zidovudine + lamivudine + abacavir). * HDL and ApoA1 levels differ from baseline (p< 
0.05) ¶ HDL and ApoA1 levels differ between cART schemes (p< 0.05). 
Abbreviations: ApoA1, apolipoprotein A1; BET, bromodomain and extra-terminal protein; cART, combined antiretroviral therapy; HDL, high density lipoprotein; HIV, human 
immunodeficiency virus; LDL, low density lipoprotein; NVP, nevirapine; PCSK9, proprotein convertase subtilisin/kexin type 9; PPAR α, peroxisome proliferator-activated 
receptor alpha; SGLT2, sodium-glucose co-transporter-2.   
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2. High density lipoprotein particles – functional importance of HDL proteome    
HDL particles (Figure 1) are protein-rich lipoprotein complexes characterised by 
plurimolecular structure and heterogeneous function (Kontush et al., 2015). The HDL 
composition in terms of lipids and proteins is highly dynamic and varies largely during 
HDL metabolism, remodelling and assembling within bloodstream (German et al., 2006). 
A mature HDL particle is typically composed of a hydrophobic core containing 
cholesteryl esters and triglycerides, which is surrounded by an outer layer of 
amphipathic lipids (eg. phospholipids and sphingolipids), unesterified cholesterol, 
apolipoproteins, mainly ApoA1 and apolipoprotein A2 (ApoA2), enzymes and proteins 
that are essential for HDL metabolism and functionality (Rohrer et al., 2004; Kontush et 
al., 2015; Kowalska et al., 2015; Rysz-Górzyńska and Banach, 2016).  
HDL particles have been classified in different subfractions according to a variety of 
criteria, such as protein/lipid content, density, size, shape, electrophoretic mobility, or 
even according to a combination of different criteria. For instance, HDL3c is a protein-
rich subfraction characterised by a higher density and a smaller size while HDL2b is a 
lipid-richer fraction characterised by lower density and higher size; HDL fractions can 
also be classified as α-HDL, which corresponds to cholesterol ester-containing particles 
or preβ-HDL, which corresponds to lipid-poor particles (Table 2; Camont et al., 2011; 
Kontush et al., 2015; Rysz-Górzyńska and Banach, 2016). Conflicting observations have 
arisen regarding the atheroprotective properties associated with each subfraction of 
HDL (Maeda et al., 2012; Camont et al., 2013; Kasko et al., 2014; Tian et al., 2014; Joshi 
et al., 2016). Maeda (2012) reported the inverse correlation between the larger, less 
dense and lipid-enriched HDL2 subfraction and several parameters such as body mass 
index (BMI), glucose levels, insulinemia and carotid intima-media thickness. 
Concordantly, it was reported a switch towards smaller, lipid-poor HDL fractions, in 
patients with acute coronary syndrome (Tian et al., 2014) and arterial disease (Kasko et 
al., 2014). However, the smaller, denser and protein-enriched HDL3 subfraction was 
associated with an overall better HDL functionality (Camont et al., 2013) and recent 
analysis, conducted with large cohorts from the Jackson Heart Study and the 
Framingham Offspring Cohort Study, demonstrated that this HDL3 subfraction was 
associated with decreased incidence of coronary heart disease (Joshi et al., 2016).    
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Table 2 Characterisation of high density lipoprotein subfractions.  
 
HDL subfraction Size (nm) Density (g/mL) 
Apolipoprotein content 
(mol/mol HDL) 
Lipid content (%) Shape 
ApoA1 Others 
pre-β1-HDL <7 <1.210 
ApoA1-rich 
> 90%  
_ Lipid-poor. Discoidal 
HDL 3 
HDL 3c 7.2 – 7.7 1.167 – 1.200 2 – 3 ≤ 1 Free cholesterol (8), 
cholesteryl esters (23), 
phospholipids (67) and 
triglycerides (2). 
Spherical HDL 3b 7.7 – 8.2 1.147 – 1.167 3 1 
HDL 3a 8.2 – 8.8 1.125 – 1.147 3 – 4 ≤ 2 
HDL 2 
HDL 2a 8.8 – 9.8 1.100 – 1.125 4 ≤ 2 Free cholesterol (9), 
cholesteryl esters (36), 
phospholipids (52) and 
triglycerides (3). 
Spherical 
HDL 2b 9.8 – 12.9 1.063 – 1.100 4 – 5 ≤ 2 
The high density lipoprotein (HDL) subfractions are characterised according to their size, density, 
content of major HDL components and particle shape, as reported by Kunitake et al., (1985), 
Ishida et al., (1990), German et al., (2006), Kontush (2006) and McPherson et al., (2006). 
Apolipoprotein content for pre-β1-HDL is stated as a percentage of total particle content. 
Apolipoprotein content for HDL3 and HDL2 subfractions is stated as mol of apolipoprotein A1 
(ApoA1) per mol of HDL (mol/mol HDL), or mol of other apolipoproteins per mol of HDL (mol/mol 
HDL). Lipid content is presented as a percentage of free cholesterol, cholesteryl esters, 
phospholipids and triglycerides on HDL3 and HDL2 subfractions. All data presented here is 











Figure 1 Composition of high density lipoprotein. High density lipoprotein (HDL) particles are plurimolecular 
complexes (Kontush et al., 2015) which present a highly dynamic composition that varies during HDL 
metabolism (German et al., 2006). A mature HDL particle is composed of an outer layer of amphipathic lipids 
(mainly phospholipids), unesterified cholesterol and proteins, such as apolipoprotein A1 (ApoA1) or the 
antioxidant enzyme paraoxonase-1 (PON-1). The hydrophobic core contains esterified cholesterol and 
triglycerides (Rohrer et al., 2004; Kontush et al., 2015; Rysz-Górzyńska and Banach, 2016). Adapted from Forti 
and Diament, 2006. The original image is under a Creative Commons Attribution License (CC BY-NC).  
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The above-mentioned difficulties in the identification of the most atheroprotective of 
HDL subfractions may stem from the complexity of HDL biology. In fact, HDL is highly 
heterogeneous and dynamic in composition, and both HDL lipidome (German et al., 
2006; Camont et al., 2013) and proteome (Chistiakov et al., 2017; Rhee et al., 2017) can 
affect its biological activity at different extents. Noteworthily, differences in HDL quality 
or functionality are insufficiently explained by HDL-cholesterol levels or HDL 
subfractions (Dullaart et al., 2014). Therefore, simply measuring HDL-cholesterol or 
classifying HDL particles in different subfractions is probably not the most suitable 
approach for assessing the complex HDL biology. In fact, it has been increasingly 
recognised the importance of evaluating HDL function, in addition to the traditional 
assessment of lipid profile (Kontush et al., 2015; Rosenson et al., 2015; Rhee et al., 2017). 
Regarding HDL proteome components, ApoA1 is considered the major structural and 
functional protein, accounting for approximately 70% of total HDL protein composition 
(Kontush et al., 2015). In addition to ApoA1, the antioxidant enzyme PON-1 is also an 
essential player contributing for HDL antioxidant, anti-inflammatory and anti-
atherosclerotic functions (Chistiakov et al., 2017). Thus, the following sections will focus 
on the functional properties of ApoA1 and PON-1 and how these proteins affect HDL 
functionality.  
 
2.1. Apolipoprotein A1 
2.1.1. Apolipoprotein A1 – functional role on reverse cholesterol transport and 
cholesterol homeostasis       
As previously stated, ApoA1 is the main protein constituent of HDL particles and a key 
component for their functionality (Kingwell et al., 2014; Kontush et al., 2015). The 
pleiotropic effects of ApoA1 (Tuteja and Rader, 2014) substantiate the importance of 
this protein for several physiological functions, from fertility and reproduction (Ariel et 
al., 1994; Miettinen et al., 2001; Bogan and Hennebold, 2010; Agarwal et al., 2015) to 
the regulation of immune responses (Srinivas et al., 1991; Tada et al., 1993; Wilhelm et 
al., 2010; Yu et al., 2010; Zamanian-Daryoush et al., 2013). However, the best-known 
role of this apolipoprotein is in the maintenance of cholesterol homeostasis and in 
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promoting reverse cholesterol transport (Kingwell et al., 2014). In fact, reverse 
cholesterol transport (Figure 2) is an essential physiological process that will promote 
the decrease of the cellular cholesterol content on peripheral tissues and the 
subsequent transport of those lipids to the liver, for metabolism and excretion (Hassan 
et al., 2006; Heinecke, 2012). ApoA1 is mainly synthesized in the liver, small intestine 
and proximal colon (Kingwell et al., 2014; Gkouskou et al., 2016). After ApoA1 secretion 
into blood circulation and mesenteric lymph, this protein can associate with 
phospholipids and cholesterol to generate pre-β HDL particles. The ApoA1 interaction 
with phospholipids and cholesterol will be mediated by the hydrophobic C-terminal 
domain of this apolipoprotein (Nguyen et al., 2013). The initial lipid enrichment of pre-
β HDL particles is mediated by ApoA1 interaction with ATP-binding cassette (ABC)A1 
transporters. These ABC transporters will promote the efflux of phospholipids and 
unesterified cholesterol from peripheral tissues to HDL, being ApoA1 a very efficient 
lipid acceptor in this process (German et al., 2006; Vedhachalam et al., 2007; Kingwell 
et al., 2014; Mei and Atkinson, 2015). The plasmatic lecithin-cholesterol acyltransferase 
(LCAT) enzyme associates with discoidal HDL particles. ApoA1 acts as a co-factor for 
LCAT, which is responsible for catalysing the esterification of free cholesterol. This 
esterification reaction will induce the remodelling of HDL to spherical particles with a 
hydrophobic core of cholesteryl esters (Kunnen and Van Eck, 2012; Kingwell et al., 2014). 
These spherical HDL particles can be further loaded with unesterified cholesterol and 
phospholipids from peripheral cells via scavenger receptor class B type 1 (SR-B1)-
mediated efflux or, alternatively, via ABCG1 transporter (Kennedy et al., 2005; Kingwell 
et al., 2014). However, since the ABCG1-mediated efflux is not exclusively directed 
towards HDL, other lipoproteins, such as the proatherogenic low density lipoprotein 
(LDL) and very low density lipoprotein particles can receive lipids via ABCG1 (Niesor, 
2015). On the final steps of reverse cholesterol transport, ApoA1 promotes the uptake 
of HDL-cholesterol and cholesteryl esters by hepatocytes through interaction with SR-
B1 (Yuhanna et al., 2001; Kingwell et al., 2014). Additionally, ApoA1 interaction with the 
β-chain of ATP synthase on the surface of hepatocytes can promote the uptake of the 
entire HDL particle (holo-HDL) by receptor-mediated endocytosis (Martinez et al., 2003; 
Kingwell et al., 2014). In the hepatic tissue, cholesterol is oxidised to bile acids – 3α-7α-
12α-trihydroxy-5β-cholanoic acid (cholic acid) and 3α-7α-dihydroxy-5β-cholanoic acid 
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(chenodeoxycholic acid) – that are excreted into the bile after conjugation with glycine 
or taurine (Vaz and Ferdinandusse, 2017).  
This brief description of the sequence of events during reverse cholesterol transport 
highlights the crucial functional role of ApoA1 in different steps of this process. ApoA1, 
derived from the liver or intestine, is an essential player in the interaction with 
amphipathic lipids (Nguyen et al., 2013), in the lipid enrichment of HDL particles 
(Vedhachalam et al., 2007; Mei and Atkinson, 2015) and also for cholesterol metabolism 
(Kunnen and Van Eck, 2012) and uptake of lipids by the liver (Yuhanna et al., 2001; 
Martinez et al., 2003). Moreover, ApoA1 is also expressed at significant levels in 
steroidogenic tissues, contributing locally to cholesterol homeostasis and consequently 
to the regulation of hormonal levels (Bogan and Hennebold, 2010). Considering its anti-
inflammatory and anti-atherogenic properties (Nofer et al., 2002; Murphy et al., 2012; 
Bisoendial et al., 2015), the development of pharmacological strategies to promote 












Figure 2 Overview of reverse cholesterol transport by high density lipoprotein. Apolipoprotein A1 (ApoA1) 
is synthesized in the liver and intestine and subsequently secreted into circulation. Once in circulation, ApoA1 
associates with phospholipids and cholesterol generating pre-β HDL particles (Kingwell et al., 2014). ApoA1 
interaction with ATP-binding cassette transporters (ABCA1, ABCG1) mediates the lipid enrichment of HDL 
particles, allowing the efflux of phospholipids and unesterified cholesterol from peripheral tissues (eg. 
macrophages in the artery wall) to HDL (Kennedy et al., 2005; Vedhachalam et al., 2007). The lecithin-
cholesterol acyltransferase (LCAT) enzyme associates with discoidal HDL particles, promoting the 
esterification of free cholesterol and inducing the remodelling of HDL to spherical particles (Kunnen and Van 
Eck, 2012). On the final steps of reverse cholesterol transport, the uptake of HDL-cholesterol and cholesteryl 
esters by hepatocytes occurs upon ApoA1 interaction with the scavenger receptor class B type 1 (SR-B1) 
(Yuhanna et al., 2001; Kingwell et al., 2014). In the liver, cholesterol is metabolised and excreted into bile (Vaz 
and Ferdinandusse, 2017). Adapted from Heinecke, 2012; with permission from the author, Prof Jay Heinecke.  
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2.1.2. Physiological role of apolipoprotein A1 on steroidogenic tissues – the ovarian 
example       
HDL and its main apolipoprotein are implicated in the regulation of several processes of 
fundamental importance for ovarian physiology. Early studies in this regard 
demonstrated that HDL-cholesterol concentration in follicular fluid of human ovaries is 
similar to plasma concentrations (Simpson et al., 1980), while ApoA1 levels in follicular 
fluid can reach approximately 60-75% of plasma concentration (Enk et al., 1986). In fact, 
HDL and ApoA1 can modulate ovarian physiology and female fertility in many ways (von 
Otte, 2005; Bogan and Hennebold, 2010; Becker et al., 2011). For instance, the 
interruption of progesterone production by the corpus luteum (i.e. luteal regression or 
functional luteolysis) is an essential event in non-conception cycles, allowing the 
beginning of the next menstrual period (Stouffer et al., 2013). As a steroidogenic tissue, 
the corpus luteum depends on reverse cholesterol transport for the regulation of its 
hormonal production, since cholesterol is a substrate for progesterone synthesis. The 
circulating ApoA1 might contribute to the cholesterol efflux at this tissue, however there 
is evidence of substantial ApoA1 synthesis in the ovary, and at particularly high levels in 
the corpus luteum throughout all the luteal phase (Bogan and Hennebold, 2010). 
Moreover, ApoA1 expression in ovarian granulosa cells is induced by the isoform A of 
progesterone receptor (PGR-A); in fact, the binding of progesterone to PGR-A induces 
dimerization of two progesterone-PGR-A complexes that interact with a hormone 
responsive element in the promoter region of target genes, mainly ApoA1 (Allan et al., 
1992; Sriraman et al., 2010), further supporting the role of this apolipoprotein in the 
regulation of ovarian steroidogenesis (Figure 3). Besides ApoA1, many other key 
proteins involved in cholesterol homeostasis are significantly expressed in the ovary. A 
good example is the high-affinity HDL receptor SR-B1, whose expression in the ovary is 
approximately 25-fold higher than in liver (Landschulz et al., 1996). SR-B1 expression is 
further induced on progesterone-producing corpus luteum cells, in response to estrogen 
stimulation (Landschulz et al., 1996; Johnson et al., 1998; Wang et al., 2015), which 
supports the importance of HDL-cholesterol uptake for hormonal synthesis (Figure 3). 
Importantly, some SR-B1 polymorphisms were implicated in female infertility 
(Christianson and Yates, 2012). In addition to ApoA1 and SR-B1, the expression of ABCA1 
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and ABCG1 transporters in luteal cells (Bogan and Hennebold, 2010; Bogan et al., 2012), 
that is mechanistically mediated by liver X receptor (LXR) activation (Bogan et al., 2012), 
and the expression of LCAT enzyme (Bogan and Hennebold, 2010) by granulosa cells, 
further confirm the importance of cholesterol balance and cholesterol metabolism in 
ovarian physiology and female fertility (Kuokkanen et al., 2016).  
In addition to the balance between cholesterol uptake and efflux, sulfonation of steroid 
hormones precursors is an essential mechanism for the regulation of steroidogenesis 
(Geyer et al., 2016). For instance, the sulfonated form of dehydroepiandrosterone 
(DHEA) is regarded as a biologically inactive steroid that can be converted into its active 
form in several steroidogenic tissues, upon hydrolysis mediated by steroids sulfatases. 
After this conversion, DHEA is available for estrogens and testosterone biosynthesis 
(Geese and Blanchard Raftogianis, 2001; Geyer et al., 2016). There are two isoforms of 
sulfotransferase (SULT)2B1, SULT2B1a and SULT2B1b, expressed at high levels in the 
ovary (Geese and Blanchard Raftogianis, 2001), which are able to promote the 
sulfonation of DHEA and other 3β-hydroxysteroids, therefore regulating the 
bioavailability of steroids hormones in this tissue (Geese and Blanchard Raftogianis, 
2001; Falany and Rohn-Glowacki, 2013). Moreover, the SULT2B1b, unlike SULT2B1a, 
might also promote cholesterol sulfonation (Coughtrie, 2016). Interestingly, ApoA1 can 
stabilise SULT2B1b mRNA and protein levels in platelets, increasing its stability and 
activity towards cholesterol (Yanai et al., 2004). Thus, it is at least plausible that ApoA1 
can also modulate SULT2B1 activity in the ovarian tissue (Figure 4), however this 
hypothesis has not yet been tested to date. 
Angiogenesis is another essential process in ovary physiology. The formation of new 
capillary vessels takes place during the development of the ovarian follicle and also 
during its transition into the corpus luteum (Rizov et al., 2017). As referred before, the 
follicular fluid is extremely rich in HDL and ApoA1 (Simpson et al., 1980; Enk et al., 1986). 
However, it was reported that the ability of HDL particles to stimulate endothelial cell 
proliferation was not due to the ApoA1 fraction. Instead, this effect of HDL was 
attributed to its lipid fraction, probably through activation of protein kinase C (PKC) and 
phosphorylation of both extracellular signal-regulated kinase 1/2 (ERK1/2) and protein 
kinase Akt (von Otte, 2005).  
    






Taken together, expanding evidence indicates a key role for ApoA1 in ovarian 
physiology, particularly in the regulation of de novo steroidogenesis, through reverse 
cholesterol transport (Figure 3) and possibly in the regulation of steroids biosynthesis 
through stabilisation of SULTs (Figure 4). In contrast, the HDL-driven stimulation of 
angiogenesis is an ApoA1-independent process (von Otte, 2005). 
Figure 3 Interplay between high density lipoprotein-cholesterol, apolipoprotein A1 and ovarian 
steroidogenesis. The luteal regression that occurs after ovulation involves interruption of progesterone 
production by the corpus luteum, causing a decrease in progesterone plasma levels (1; Stouffer et al., 
2013). This process of functional luteolysis is dependent on reverse cholesterol transport. Apolipoprotein 
A1 (ApoA1) is synthesised in the ovary, particularly in the corpus luteum during all the luteal phase 
(Bogan and Hennebold, 2010). ApoA1 expression in ovarian granulosa cells is induced by progesterone 
binding to progesterone receptor A (PGR-A) (Sriraman et al., 2010). Contrarily, uptake of high density 
lipoprotein (HDL)-cholesterol is essential for hormonal synthesis. Therefore, the scavenger receptor class 
B type 1 (SR-B1), a high-affinity HDL receptor, is induced on progesterone-producing cells in the corpus 
luteum, upon estrogen stimulation (2), then promoting further HDL-cholesterol uptake for hormonal 
synthesis (Landschulz et al., 1996; Johnson et al., 1998; Wang et al., 2015). In addition, other genes 
involved in cholesterol homeostasis are induced in granulosa cells during the ovarian cycle (Bogan and 
Hennebold, 2010; Bogan et al., 2012), supporting the relevance of cholesterol balance for ovarian 
steroidogenesis. Adapted from Haimov-Kochman and Berger, 2014. The original image is under a 
Creative Commons Attribution License (CC BY). 




2.1.3. Emerging role of apolipoprotein A1 as an anti-tumorigenic protein – the case 
of ovarian cancer      
Ovarian cancer is the 7th most common neoplastic disease among women worldwide 
(Coburn et al., 2017). Up to 85% of patients with epithelial ovarian cancer who achieve 
full remission after 1st line chemotherapy will develop recurrent disease (Foley et al., 
2013). Moreover, the effectiveness of surgery and radiotherapy remains largely 
unsatisfactory (Webber and Friedlander, 2017) and the 5-year survival rate is as low as 
46% (Miller et al., 2016). For these reasons, the identification of new therapeutic targets 
Figure 4 Interaction between apolipoprotein A1 and sulfotransferases might affect ovarian 
steroidogenesis. Sulfotransferases (SULT)-mediated conjugation of steroids precursors represents an 
effective mechanism for regulating steroidogenesis, reducing hormonal synthesis. In fact, sulfonated 
forms of cholesterol and dehydroepiandrosterone (DHEA) do not undergo the biosynthetic pathways of 
steroid hormones. Thus, sulfonation (solid yellow arrows) contributes to the negative regulation of sex 
hormones synthesis (solid yellow lines); however, the sulfonated forms of steroids precursors can readily 
become available for steroidogenesis (solid green arrows) upon sulfatases-mediated hydrolysis (Geese 
and Blanchard Raftogianis, 2001; Geyer et al., 2016). Cholesterol is a substrate for SULT2B1b while DHEA 
can be metabolised by SULT2B1a or SULT2B1b (Geese and Blanchard Raftogianis, 2001). It is reported 
that apolipoprotein A1 (ApoA1) contributes, at least in platelets, for the stabilisation of SULT2B1b (yellow 
dashed line), increasing enzyme levels and activity towards steroids precursors (Yanai et al., 2004). 
Therefore, this interaction between ApoA1 and SULT2B1 might constitute another mechanism by which 
ApoA1 regulates ovarian steroidogenesis.  
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and the development of new therapies for ovarian cancer are urgently needed. 
Recently, ApoA1 has been included in a panel of 5 biomarkers that received FDA 
approval as a multiplex test for assessing the likelihood of malignancy of an ovarian mass 
(Nolen and Lokshin, 2013). The decision of including ApoA1 in this diagnostic test, along 
with the traditional cancer antigen 125 (CA125) and three other biomarkers, was based 
on the observation of remarkable ApoA1 decreases in serum and also in the ovarian 
tissue of patients with ovarian cancer (Clarke et al., 2011; Stavnes et al., 2014; Wegdam 
et al., 2014). Reduced levels of serum ApoA1 were also observed in several other types 
of tumors, including metastatic hepatocellular carcinoma (Qin et al., 2013), 
cholangiocarcinoma (Wang et al., 2009), gastric tumors (Chong et al., 2010), pancreatic 
cancer (Ehmann et al., 2007), colorectal cancer (Jung et al., 2015), breast cancer (Huang 
et al., 2006) and endometrial cancer (Takano et al., 2010; Rižner, 2016). Moreover, 
higher serum ApoA1 levels were associated with better prognosis and longer overall 
survival among patients suffering from renal cell cancer (Walter et al., 2012; Guo et al., 
2016), non-metastatic nasopharyngeal carcinoma (Luo et al., 2015), advanced-stage 
non-small cell lung cancer (Cheng et al., 2015) and ovarian cancer (Stavnes et al., 2014).   
These associations between serum ApoA1 levels and several malignancies gave rise to 
the hypothesis that ApoA1 may have intrinsic anti-tumorigenic properties. In fact, 
increasing evidence supports that low levels of ApoA1 in cancer patients might be a 
causal factor in the development and progression of malignancies (Edelson, 2010; Su et 
al., 2010; Zamanian-Daryoush et al., 2013; Zamanian-Daryoush and DiDonato, 2015). 
The possible molecular mechanisms that might be underlying the anti-tumorigenic 
effect of ApoA1 are presented below, with special emphasis on ovarian cancer. These 
mechanisms are also summarised in Figure 5.       
 
Binding of apolipoprotein A1 to lysophosphatidic acid 
ApoA1 and ApoA1 mimetic peptides are able to bind to pro-inflammatory phospholipids 
and this is an important property contributing to ApoA1 and HDL anti-inflammatory and 
anti-atherogenic function (Van Lenten et al., 2009). It is known that some pro-
inflammatory lysophospholipids can promote cell proliferation and cancer progression 
through the activation of several intracellular pathways (Xu et al., 1995; Fang et al., 
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2002; Sako et al., 2006; Li et al., 2009; Jeon et al., 2010; Saunders et al., 2010; Liu et al., 
2012; Ward and Dhanasekaran, 2012; Cai and Xu, 2013; Jeong et al., 2013; Riaz et al., 
2016). An example of one of these pro-inflammatory lipids is lysophosphatidic acid 
(LPA), whose plasma levels are increased in approximately 90% of all ovarian cancer 
patients (Mills and Moolenaar, 2003; Bast et al., 2009). In fact, LPA can activate a variety 
of signalling pathways with importance in ovarian cancer progression (Figure 5). For 
instance, LPA induces tyrosine phosphorylation of p125 focal adhesion kinase (p125FAK) 
and activation of mitogen-activated protein kinases (MAPKs) (Xu et al., 1995). The 
activation of p125FAK can lead to increased ovarian cancer cell motility, invasion and 
metastasis (Sulzmaier et al., 2014), while activation of MAPKs has oncogenic potential 
through induction of ovarian cancer cells proliferation, survival and migration (Reddy et 
al., 2003; Smolle et al., 2013). LPA treatment also induced migration of mouse epithelial 
ovarian cancer ID8 cells, through phosphorylation of cytosolic phospholipase A2 (cPLA2) 
via MAPK/ERK signalling pathway (Li et al., 2009). Moreover, LPA stimulates tyrosine 
phosphorylation of p130 Crk-associated substrate (p130CAS), being the Gαi2 protein the 
intermediate in this pathway, which also contributes for LPA-mediated invasive 
phenotype and migration of ovarian cancer cells (Ward and Dhanasekaran, 2012). 
Furthermore, it was also demonstrated that LPA, upon binding to LPA receptor 3 (LPA3), 
induces dephosphorylation of Yes-associated protein (YAP), one of the major 
downstream effectors of the Hippo pathway. Dephosphorylation increases YAP nuclear 
translocation, enhancing invasion and migration of ovarian cancer cells (Cai and Xu, 
2013). Additionally, LPA increases the expression of the transcriptional co-activator with 
PDZ-binding motif (TAZ) protein, another downstream effector of Hippo signalling 
pathway, further contributing for LPA-induced migration of ovarian cancer cells (Jeong 
et al., 2013).  
Importantly, LPA stimulation, via Gαi/o βγ proteins coupled to LPA receptors, leads to 
activation of phosphatidylinositol 3-kinase (PI3K) resulting in Akt phosphorylation 
(Figure 5; Saunders et al., 2010; Riaz et al., 2016). Akt subsequently promotes 
phosphorylation of forkhead box protein (FOX)O3A, causing its proteasomal 
degradation and preventing expression of FOXO3A target genes (Huang and Tindall, 
2011; Lam et al., 2013; Nestal de Moraes et al., 2016). While FOXO3A is regarded as a 
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tumour suppressor gene, FOXM1 is an oncogenic transcription factor (Gomes et al., 
2013; Lam et al., 2013; Nestal de Moraes et al., 2016), which is induced  in ovarian cancer 
cells upon LPA stimulation (Fan et al., 2015). Thus, LPA has the potential to promote 
degradation of FOXO3A and upregulation of FOXM1, driving the 
PI3K/Akt/FOXO3A/FOXM1 axis towards tumorigenesis and chemoresistance. In fact, the 
FOXM1 protein is crucially involved in the acquisition of resistance to platinum and also 
to other chemotherapeutic agents (Gomes et al., 2013; Lam et al., 2013; Zhao et al., 
2014; Nestal de Moraes et al., 2016) that are administered as second-line and salvage 
therapy for ovarian cancer (Oronsky et al., 2017). In this regard, it is important to 
highlight that the emergence of resistance to chemotherapy is one of the biggest 
challenges in the management of ovarian cancer (Webber and Friedlander, 2017). 
Therefore, the development of new therapeutic strategies targeting Akt and FOX is of 
utmost importance in this field (Fraser et al., 2008; Peng et al., 2010; Lam et al., 2013; 
Zhao et al., 2014; Lokadasan et al., 2016; de Melo et al., 2017).   
Besides the effects of LPA on the above mentioned pathways, this lysophospholipid also 
induces increased expression of matrix metalloproteinase 9 (MMP-9) by ovarian cancer 
cells (Figure 5; Liu et al., 2012). Overexpression of MMP-9, a zinc-dependent 
endopeptidase, can have many implications for tumorigenesis and its expression by 
ovarian cancer cells was associated to increased invasiveness (Hu et al., 2012; Liu et al., 
2012). MMP-9 can degrade E-cadherin, a key cell-cell adhesion molecule, being the loss 
of junctional E-cadherin a crucial step for cancer cells invasion and metastasis, causing 
loss of epithelial cohesion (Kessenbrock et al., 2010; Hanahan and Weinberg, 2011; Liu 
et al., 2012). MMP-9 activity can also promote the release of vascular endothelial growth 
factor (VEGF) from the extracellular matrix, increasing its bioavailability and thus 
stimulating proangiogenic intracellular pathways (Kessenbrock et al., 2010; Hanahan 
and Weinberg, 2011). Additionally, the interaction between the CD44 adhesion 
molecules and the hemopexin-like C-terminal (PEX) domain of MMP-9 on cell membrane 
can lead to the activation of the tyrosine kinase epidermal growth factor receptor 
(EGFR), with the consequent phosphorylation of kinase effectors such as FAK, ERK and 
Akt, thus activating cell signaling cascades that promote cell survival, invasion, migration 
and platinum resistance (Bauvois, 2012). Interestingly, it was demonstrated that CD44 
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derived from ovarian cancer cells is internalised by peritoneal mesothelial cells, via 
uptake of ovarian cancer cells-derived exosomes; exposure to those exosomes induce 
higher expression of MMP-9 in mesothelial cells, confirming the relevance of CD44-





Figure 5 Mechanisms underlying the anti-cancer effects of apolipoprotein A1. Ovarian cancer cells actively 
secrete lysophosphatidic acid (LPA), which acts as an autocrine/paracrine factor and stimulates several 
intracellular pathways that promote ovarian cancer progression and chemoresistance (red boxes). 
Apolipoprotein A1 (ApoA1) and ApoA1 mimetic peptides have the ability to bind to pro-inflammatory 
phospholipids, including the oncolipid LPA, consequently avoiding the activation of pro-tumorigenic signalling 
pathways (Su et al., 2010). ApoA1 and its mimetic peptides can also have anti-cancer effects independently of 
LPA sequestration (Zamanian-Daryoush et al., 2013; blue box). Abbreviations: cytosolic phospholipase A2 
(cPLA2); extracellular signal-regulated kinase 1/2 (ERK1/2); forkhead box protein (FOX); matrix 
metalloproteinase 9 (MMP-9); p125 focal adhesion kinase (p125FAK); p130 Crk-associated substrate 
(p130CAS); phosphatidylinositol 3-kinase (PI3K); transcriptional co-activator with PDZ-binding motif (TAZ); Yes-
associated protein (YAP).   
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Ovarian cancer cells actively secrete LPA, which acts as an autocrine and paracrine 
factor, stimulating not only the cancer cells but also the stromal cells that comprise the 
tumor microenvironment (Fang et al., 2002; Jeon et al., 2010). For instance, cancer cells-
derived LPA can bind to LPA receptor 1 (LPA1) on mesenchymal stem cells, inducing the 
secretion of VEGF and thereby further stimulating tumor neoangiogenesis (Sako et al., 
2006; Jeon et al., 2010), in addition to the MMP-9-mediated VEGF release from 
extracellular matrix described above. Because VEGF is known to increase vascular 
permeability, LPA-induced secretion of this angiogenic factor is thought to be 
determinant for ovarian cancer progression, namely in terms of ascites formation (Byrne 
et al., 2003; Li et al., 2009).  
Therefore, LPA is implicated in several pathophysiological processes with oncogenic 
potential that contribute to ovarian cancer progression and resistance to chemotherapy. 
Importantly, LPA sequestration by ApoA1 or ApoA1 mimetic peptides has been 
suggested as a potential mechanism for the inhibition of tumor progression in vivo. In a 
transgenic animal model of ovarian cancer, expression of human ApoA1 improves the 
survival and prevents tumor development, abrogating the LPA-mediated signaling 
involved in tumor progression and carcinogenesis (Su et al., 2010). 
 
Lysophosphatidic acid-independent anti-tumorigenic effect of apolipoprotein A1 
Despite the evidence on LPA relevance for cancer pathogenesis, and the fact that ApoA1 
and ApoA1 mimetic peptides can interact with this lysophospholipid, other mechanisms 
may also contribute to the ApoA1-mediated anti-tumorigenic effect. For instance, 
Zamanian-Daryoush and collaborators have reported a potent anti-tumorigenic activity 
of ApoA1, in transgenic animals expressing the human apolipoprotein, after inoculation 
of melanoma or lung cancer cells; they also demonstrated that subcutaneous 
administration of ApoA1 was successful in preventing tumor growth and the 
establishment of metastasis in ApoA1 knockout mice with preexisting melanoma. This 
effect was completely independent of ApoA1-LPA interaction and there were no 
changes on LPA plasma levels (Zamanian-Daryoush et al., 2013). Higher ApoA1 
expression was associated with lower protein levels and decreased activity of MMP-9, 
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supporting the hypothesis that ApoA1 may act by other mechanisms than preventing 
LPA signaling (Figure 5). In addition, ApoA1 also exerted modulatory effects on tumor 
microenvironment (Figure 5), inhibiting the expansion and recruitment into the tumor 
bed of myeloid-derived suppressor cells (MDSC) (Zamanian-Daryoush et al., 2013; 
Zamanian-Daryoush and DiDonato, 2015), a population of cells from myeloid lineage, 
which expresses both the macrophage marker CD11b and the neutrophil marker Gr-1, 
and that are associated with immunosuppression, increased angiogenesis and tumor 
progression (Hanahan and Weinberg, 2011). Therefore, it is plausible that both LPA-
dependent (eg. prevention of LPA-mediated activation of signaling pathways) and LPA-
independent mechanisms (eg. modulation of tumor microenvironment) may contribute 
to ApoA1-mediated anti-tumorigenic effect (Figure 5). However, further studies are 
needed in order to validate the clinical application of ApoA1, ApoA1 mimetic peptides 





2.2. Paraoxonase-1 – antioxidant properties of high density lipoprotein 
PON-1 (EC 3.1.8.1) is a Ca2+-dependent HDL-associated aryldialkylphosphatase 
synthesized primarily by the liver and at lower levels by the colon and kidneys (Deakin 
et al., 2002; Harel et al., 2004; Costa et al., 2005; Mackness et al., 2010; Soran et al., 
2015; Kulka, 2016; Chistiakov et al., 2017; Swedish Human Protein Atlas Project, n.d.). 
Enzymatically active PON-1 is inserted in the cell membranes of producing tissues, being 
apolipoproteins-rich HDL particles the physiological acceptors of PON-1, promoting the 
enzyme detachment from the cell surface (Deakin et al., 2002; Kulka, 2016). PON-1 
associates to HDL with very high-affinity and the hydrophobic residues on the N- 
terminus of PON-1 are involved in its anchoring to the HDL particle (Harel et al., 2004). 
The presence of ApoA1 in HDL increases PON-1 stability and activity (Gaidukov et al., 
2010; Kulka, 2016). Once associated to HDL particles, PON-1 remains in an HDL-bound 
form in serum or, alternatively, can be redistributed to several tissues without losing its 
functionality (Deakin et al., 2005; Kulka, 2016; Kunutsor et al., 2016). At least in ovarian 
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cells, this PON-1 transfer process is reported to be mediated by the SR-B1 receptor 
(Deakin et al., 2011; Kulka, 2016). The PON-1 redistribution explains the presence of 
PON-1 protein in several tissues where PON-1 mRNA is not detected (Marsillach et al., 
2008; Mackness et al., 2010; Kim et al., 2017; Swedish Human Protein Atlas Project, 
n.d.). 
PON-1 is considered an anti-atherosclerotic enzyme (Chistiakov et al., 2017; Sun et al., 
2017) and a free-radical scavenging system (Soran et al., 2015). This enzyme has three 
different hydrolytic activities identified to date. PON-1 paraoxonase (POase) activity was 
the first to be studied (Mazur, 1946), and although it is the most commonly employed 
activity to assess PON-1 status, it mainly reflects PON-1’s ability to detoxify 
environmental toxicants such as organophosphate derivatives and chemical warfare 
nerve agents (Costa et al., 2005; Valiyaveettil et al., 2012; Bigley and Raushel, 2013; 
Karlsson et al., 2015). However, the main targets for PON-1-mediated hydrolysis are 
endogenous toxic compounds. For instance, through its arylesterase (AREase) activity, 
PON-1 is responsible for detoxifying lipoprotein-associated lipid peroxides and for 
reducing the lipid peroxide content in the atherosclerotic lesion (Mackness et al., 1993; 
Aviram et al., 2000; Mehdi and Rizvi, 2012). In fact, higher serum AREase activity was 
associated with decreased risk for cardiovascular disease and coronary heart disease, 
after adjustment for several established cardiovascular risk factors (Kunutsor et al., 
2016). PON-1 is also involved in the detoxification of homocysteine-thiolactone 
(Jakubowski, 2000; Perła-Kaján and Jakubowski, 2012), an endogenous reactive specie 
that can covalently bind to free NH2 of lysine residues in proteins, generating N-
homocysteine-protein adducts, in a process designated as protein N-
homocysteinylation (Perła-Kaján and Jakubowski, 2012; Sharma et al., 2015). The N-
homocysteinylation process causes structural and functional changes in modified 
proteins, then inducing endoplasmic reticulum stress and enhancing protein 
degradation and inflammation (Wu et al., 2015). PON-1, through its lactonase (LACase) 
activity, is able to hydrolyse homocysteine-thiolactone thus avoiding the accumulation 
of homocysteine-protein adducts, which have been linked to cardiovascular, 
autoimmune and neurodegenerative diseases (Jakubowski, 2006; Lakshman et al., 2006; 
Kamila et al., 2012; Khodadadi et al., 2012; Sharma et al., 2015; Chistiakov et al., 2017). 
In fact, the LACase activity has been identified as the native activity of PON-1 enzyme 
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(Khersonsky and Tawfik, 2005). In addition to homocysteine-thiolactone detoxification, 
it has been suggested that PON-1 LACase activity may play an important role in innate 
immune system, through enzymatic inactivation of virulence factors (eg. N-acyl 
homoserine lactones) (Camps et al., 2011, 2017; Castillo-Juarez et al., 2017), in the 
hydrolysis of oxidised metabolites of polyunsaturated fatty acids involved in 
inflammatory responses (Draganov et al., 2005), and also in drug metabolism (eg. 
biotranformation of clopidogrel in its active metabolite) (Bouman et al., 2011; Marchini 
et al., 2017).  
Among the factors that can influence PON-1 levels and activity are polymorphisms of 
regulatory sequences or in PON-1 coding region (Draganov and La Du, 2004) as well as 
the exposure to several xenobiotics (Kim et al., 2013). In fact, the interaction between 
genetic and environmental factors contributes to a final outcome regarding PON-1 
status (Deakin et al., 2007). However, it has been recognised that PON-1 genetic 
variations do not always accurately predict enzyme levels or activity (Jarvik et al., 2000; 
Kim et al., 2013) and that the contribution of environmental exposures is more 
significant as a determinant of PON-1 status (Kim et al., 2013). Moreover, 
pharmacological modulation of PON-1 has been recently suggested as a suitable 
strategy for improving HDL functionality and antioxidant properties, for therapeutic 
purposes (Iqbal et al., 2017; Ponce-Ruiz et al., 2017). In fact, low levels of PON-1 
enzymatic activities have been observed in several metabolic, degenerative and chronic 
pathologies (Table 3), particularly in those conditions associated with increased 
oxidative stress (Camuzcuoglu et al., 2009; Karaman et al., 2010; Balci et al., 2012; Aydin 
et al., 2013; Bulbuller et al., 2013; Kodydkova et al., 2013; Kirbas et al., 2014; Malik et 
al., 2014; Sehitogulları et al., 2014; Korkmaz et al., 2015). Furthermore, and regarding 
oncologic diseases, high levels of serum malondialdehyde (MDA) were reported in 
patients suffering from several types of malignancies (Karaman et al., 2010; Malik et al., 
2014; Sehitogulları et al., 2014). MDA is a secondary product of lipid peroxidation 
(Slatter et al., 1999; Ayala et al., 2014), which can form adducts with several 
biomacromolecules, namely with DNA (Ayala et al., 2014). This aldehyde is not a 
substrate of PON-1, but it accumulates in consequence of high lipid peroxidation rates 
that are not compensated by PON-1 detoxification (Ayala et al., 2014). MDA has been 
identified as highly mutagenic for human cells (Niedernhofer et al., 2003), and 
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implicated in cancer pathogenesis (Ayala et al., 2014; Martinez-Useros and Garcia-
Foncillas, 2016). The imbalance in oxidation-reduction status, towards the preferential 
formation of free radicals that is not compensated by the antioxidant defence, is widely 
recognised as a causal factor involved in the onset of carcinogenesis (Pisoschi and Pop, 
2015). Besides promoting oxidative damage to macromolecules, reactive oxygen species 
can also activate tumorigenic signalling, particularly through the PI3K/Akt and hypoxia-
inducible factor (HIF)-1α intracellular pathways (Sullivan and Chandel, 2014). Since PON-
1 is a multifunctional antioxidant enzyme comprising a scavenger system, a decrease of 
PON-1 activities in pathologic conditions in which oxidative stress plays a central role 
would be expected (Table 3). Therefore, the therapeutic modulation of PON-1 might 
benefit patients with different diseases. 
 
Table 3. Paraoxonase-1 status in pathologic conditions. The paraoxonase-1 (PON-1) status in 
some metabolic, degenerative and chronic diseases is presented below as the measurement of 
serum PON-1 paraoxonase (POase), arylesterase (AREase) and/or lactonase (LACase) activities 
in affected populations.  
  






Lower POase activity in patients 
with acute myocardial infarction, 
comparatively with patients with 
coronary artery disease with no 
major coronary events.  
Maturu et al., 2013 
Diabetic retinopathy 
Lower POase activity in patients 
with diabetic retinopathy, 
comparatively with patients with 
non-complicated diabetes.   
Mackness et al., 
2000 
Obesity/diabetes  
Lower AREase and LACase 
activities among populations with 
higher prevalence of diabetes and 
obesity.  




Lower POase and AREase 
activities in patients with 
Parkinson’s disease.  
Kirbas et al., 2014 
Alzheimer’s disease 
Lower POase, AREase and LACase 
activities in patients with 
Alzheimer’s disease. 
Bacchetti et al., 2015 




Oral squamous cell 
carcinoma 
Lower POase and AREase 
activities in cancer patients.  
. 




Sehitogulları et al., 
2014 
Laryngeal squamous 
cell carcinoma Karaman et al., 2010 
Papillary thyroid 
cancer Korkmaz et al., 2015 
Lung cancer Balci et al., 2012 
Breast cancer Balci et al., 2012  
Ovarian cancer Camuzcuoglu et al., 
2009   
Colorectal cancer Balci et al., 2012; 
Bulbuller et al., 2013 
Pancreatic cancer Lower AREase and LACase 
activities in cancer patients. 
Kodydkova et al., 
2013 
Bladder cancer 
Lower AREase activity in cancer 
patients. 
Aydin et al., 2013 
Acute myeloid 
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3. Nevirapine pharmacokinetics and toxicology  
 
3.1. A focus on nevirapine pharmacokinetics  
 
NVP (Figure 6) is a highly lipophilic drug, being extensively absorbed after oral 
administration, with a bioavailability of 90% (Smith et al., 2001; Macha et al., 2009). 
After continuous administration of a daily dose of 400 mg, the steady-state maximum 
plasma concentration (Cmax) and trough concentration (Cmin) are approximately 7.2 
mg/L and 4.0 mg/L, respectively (Fumero and Podzamczer, 2001; Marinho et al., 2014c). 
Secondary peaks after Cmax were observed in some NVP pharmacokinetic studies, 
which indicate that NVP may possibly enter enterohepatic cycling (Havlir et al., 1995; 
Fumero and Podzamczer, 2001) or undergo gastric secretion with posterior intestinal 
reabsorption as suggested by Ibarra and collaborators (2014). NVP binding to albumin is 
approximately 60% (Smith et al., 2001; Bocedi et al., 2004), this drug easily crosses the 
placenta and the blood-brain barrier, being one of the antiretrovirals that reaches 
highest concentrations in the cerebrospinal fluid (Smith et al., 2001; Calcagno et al., 
2014). 
In phase I metabolic reactions, NVP is extensively biotransformed by different 
cytochrome P450 (CYP450) isoforms, leading to the formation of several phase I 
hydroxylated metabolites: 2-hydroxy-nevirapine (2-OH-NVP), 3-hydroxy-nevirapine (3-
OH-NVP), 8-hydroxy-nevirapine (8-OH-NVP) and 12-hydroxy-nevirapine (12-hydroxy-
NVP). The 12-OH-NVP metabolite can be further oxidised to generate 4-carboxy-
nevirapine (4-COOH-NVP), another NVP phase I metabolite (Erickson et al., 1999; Riska 
et al., 1999; Chen et al., 2008; Grilo et al., 2013; Marinho et al., 2014b; Pinheiro et al., 
2017). Different CYP450 pathways are implicated in the formation of each NVP phase I 
metabolite (Figure 7). For instance, 2-OH-NVP is formed by CYP3A4 and CYP3A5-
mediated metabolism, while CYP2B6 is the only isoform involved in the formation of 3-
OH-NVP. The formation of 8-OH-NVP was attributed mainly to CYP2D6, with 
contributions of CYP2B6 and CYP3A4 to a lesser extent. The NVP main phase I 
metabolite, 12-OH-NVP, is primarily formed through CYP3A4 metabolism, although 
CYP3A5, CYP2D6 and CYP2C9 can also contribute for its formation (Erickson et al., 1999; 
Grilo et al., 2013). NVP is an inducer of CYP3A4 and CYP2B6, through activation of 
constitutive androstane receptor (CAR), and can thereby induce its own 
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biotransformation (Faucette et al., 2006). This NVP auto-induction effect is complete 
within 28 days of daily administration, when the drug reaches the steady-state plasma 
concentrations (Lamson et al., 1999; Faucette et al., 2006). Moreover, in addition to 
hepatic metabolism, our research group have demonstrated the intestinal contribution 
to NVP phase I biotransformation as a relevant source of inter-individual variability on 








NVP phase I metabolites can be further metabolised in subsequent phase II reactions, 
such as glucuronidation, catalysed by uridine-diphosphate-glucuronosyltransferases 
(UGTs). In fact, glucuronide conjugates of 2-, 3-, 8- and 12-OH-NVP have been identified 
in three-dimensional (3D) cultures of hepatocytes (Pinheiro et al., 2017), in urine and 
bile of animals exposed to NVP (Srivastava et al., 2010) and in urine of NVP-treated 
patients (Riska et al., 1999b; Srivastava et al., 2010). The renal excretion of glucuronides 
is a major route for NVP elimination (Riska et al., 1999b), although the UGT isoforms 
involved in NVP biotransformation have not yet been identified. In addition to 
glucuronidation, other pathways might contribute for NVP phase II biotransformation, 
namely sulfoconjugation (Pinheiro et al., 2017) and conjugation with glutathione 
(Srivastava et al., 2010; Dekker et al., 2016). It has been increasingly recognised that the 
relative contribution of each phase I and II biotransformation pathways can have a 
determinant impact on the kinetics of NVP reactive metabolites, and consequently on 
the development of NVP-induced toxic reactions (Figure 7).               
 
Figure 6. Structures of nevirapine and its two main phase I metabolites, 2-hydroxy-nevirapine 
and 12-hydroxy-nevirapine. NVP, nevirapine; 2-OH-NVP, 2-hydroxy-nevirapine; 12-OH-NVP, 12-
hydroxy-nevirapine. In: Marinho et al., 2016.  
 
















Figure 7 Nevirapine biotransformation and bioactivation pathways. Several isoforms of cytochrome P450 
(CYP450) contribute to nevirapine (NVP) phase I biotransformation, generating NVP hydroxylated metabolites 
(Erickson et al., 1999): 2-, 3-, 8- and 12-hydroxy-nevirapine (-OH-NVP). The 12-OH-NVP metabolite undergoes 
an additional oxidation step yielding 4-carboxy-nevirapine (4-COOH-NVP) (Chen et al., 2008). Glucuronidation 
of phase I metabolites represents a major pathway for NVP elimination (solid blue arrows; Riska et al., 1999). 
Other phase II reactions may also occur, namely sulfotransferases (SULTs)-mediated bioactivation of 12-OH-
NVP, with formation of 12-sulfoxy-NVP (Sharma et al., 2013), a reactive electrophile which is prone to form 
adducts with macromolecules (solid red arrows; Caixas et al., 2012), namely with proteins and DNA (Antunes 
et al., 2008, 2010b). Other bioactivation pathways have been proposed, however 12-OH-NVP sulfonation is 
the most studied pathway and its relevance for NVP-induced toxicity has been confirmed in animal models 
and in clinical studies. Alternatively, reactive metabolites can form adducts with glutathione (GSH) being 
eliminated in the urine as mercapturates (dashed blue arrows; Srivastava et al., 2010). However, it seems 
implausible that GSH conjugation contributes for NVP detoxification at the same extent than glucuronidation, 
due to the kinetic parameters of the reaction catalysed by glutathione S-transferases (GSTs) (Dekker et al., 
2016). Adapted from Marinho et al., 2014b. 
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3.2. Nevirapine toxicology: the importance of the balance between bioactivation 
and detoxification pathways   
NVP treatment has been associated with severe idiosyncratic hepatotoxicity and skin 
rash. Several risk factors for NVP-induced toxic reactions have been reported, such as 
female sex (Antinori et al., 2001; Bersoff-Matcha et al., 2001; Kesselring et al., 2009; 
Günthard et al., 2014; Pawar, 2015), higher CD4+ cell counts (Kiertiburanakul et al., 2008; 
Kesselring et al., 2009; Günthard et al., 2014), detectable HIV-1 viral load (Kesselring et 
al., 2009), Asian ethnicity (Ho et al., 1998; Kesselring et al., 2009), pregnancy (Bera and 
Mia, 2012; Huntington et al., 2014), history of drug allergies (Kiertiburanakul et al., 2008) 
and also concomitant treatment with corticosteroids or trimethoprim/sulfamethoxazole 
(Antinori et al., 2001; Tseng et al., 2014). In an attempt to minimize the risk of NVP-
induced toxicity, it was recommended a cut-off relatively to CD4+ cell counts, which 
varies according to sex. Thus, NVP must be initiated in HIV-infected women with CD4+ 
counts below 250 cells/mm3 and in HIV-infected men with CD4+ counts below 400 
cells/mm3 (Günthard et al., 2014; World Health Organization, 2016). 
In recent years, the molecular pathways leading to NVP toxic reactions have been 
extensively studied and are now better understood (Figure 7). Solid evidence has 
emerged on the role of NVP bioactivation into reactive metabolites as a causal factor for 
the onset of NVP-related toxicity (Antunes et al., 2008, 2010a, 2010b, 2011; Chen et al., 
2008; Wen et al., 2009; Srivastava et al., 2010; Caixas et al., 2012; Meng et al., 2013; 
Sharma et al., 2013; Kranendonk et al., 2014; Marinho et al., 2014a, 2014b; Pinheiro et 
al., 2015, 2017; Dekker et al., 2016). Although unstable electrophiles can be generated 
by different metabolic pathways (Wen et al., 2009; Srivastava et al., 2010; Antunes et 
al., 2011; Dekker et al., 2016), the SULTs-mediated phase II biotransformation of 12-OH-
NVP seems to be the most relevant mechanism for NVP toxicity (Antunes et al., 2008, 
2010a, 2010b, 2011; Chen et al., 2008; Wen et al., 2009; Srivastava et al., 2010; Caixas 
et al., 2012; Meng et al., 2013; Sharma et al., 2013; Kranendonk et al., 2014; Marinho et 
al., 2014a, 2014b; Pinheiro et al., 2015, 2017; Dekker et al., 2016). In fact, SULTs-
mediated metabolism of 12-OH-NVP leads to the formation of 12-sulfoxy-NVP, which 
can bind covalently to biomacromolecules yielding adducts with DNA (Antunes et al., 
2008), aminoacids (Antunes et al., 2010a) and proteins (Antunes et al., 2010b; Caixas et 
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al., 2012; Meng et al., 2013; Sharma et al., 2013; Pinheiro et al., 2017). The identification 
of these 12-sulfoxy-NVP-derived adducts in NVP-treated patients further supports the 
relevance of this bioactivation pathway (Caixas et al., 2012; Meng et al., 2013). SULTs-
mediated sulfonation is an essential process in phase II biotransformation of several 
xenobiotics (Gamage, 2005). These reactions occur in the presence of the SULTs’ 
cofactor 3’-phosphoadenosine 5’-phosphosulfate (PAPS), the donor of the sulfonate 
(SO3-) group  (Gamage, 2005; Suiko et al., 2017). The biosynthesis of PAPS comprises two 
sequential steps, the first one is performed by an ATP-sulfurylase, generating adenosine 
5’-phosphosulfate (APS), and the following step involves APS phosphorylation by an APS 
kinase, resulting in the formation of PAPS (Venkatachalam et al., 1998; Fuda et al., 2002; 
Coughtrie, 2016). PAPS biosynthesis in man is catalysed by PAPS synthase 1 and 2; both 
of the enzymes have ATP-sulfurylase and APS kinase activities (Venkatachalam et al., 
1998; Fuda et al., 2002; Coughtrie, 2016). PAPS synthase 2, which presents significantly 
higher catalytic efficiency compared with PAPS synthase 1 (Fuda et al., 2002), has a 
female predominant expression in liver (Alnouti and Klaassen, 2006, 2011). It is also 
noteworthy that all hepatic SULTs with differential expression between sexes (eg. 
SULT1A1, SULT1C2, SULT1D1, SULT2A1, SULT2A2, SULT3A1) are female predominant, 
with the only exception of SULT1C1 which has higher expression in male liver (Tsoi et 
al., 2001; Wu et al., 2001; Alnouti and Klaassen, 2006, 2011; Hirao et al., 2011; Suzuki et 
al., 2012; Chen et al., 2017). These sex differences in the expression of hepatic SULTs 
have been related to suppressive effects of androgens and stimulatory effects of 
oestrogens as well as differential modulation of hepatic SULTs’ expression induced by 
male- and female-patterns of growth hormone secretion (Alnouti and Klaassen, 2011). 
Importantly, one of the female predominant SULTs, SULT1A1, can definitely promote 
sulfoconjugation of 12-OH-NVP (Sharma et al., 2013; Kranendonk et al., 2014). This 
specific SULT is expressed at high levels in human liver and skin, the target tissues for 
NVP toxicity (Dooley et al., 2000; Hempel et al., 2007). Moreover, 12-OH-NVP is the 
metabolite in higher proportion in plasma from NVP-treated women (Marinho et al., 
2014c), which means higher availability of substrate for SULT1A1 in females. Besides, 
another major NVP metabolite, 2-OH-NVP, is able to induce hepatic SULT1A1 activity as 
demonstrated in a 3D model of hepatocytes (Pinheiro et al., 2017); therefore 2-OH-NVP 
formation can further contribute to 12-OH-NVP bioactivation. Also, the male 
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predominant expression of some UGTs that can promote glucuronidation and 
subsequent biliary or urinary elimination of phenolic substrates (Gallagher et al., 2010; 
Wu et al., 2011; Chen et al., 2017), might contribute to sex differences in NVP 
detoxification, by preferential glucuronide conjugation of phase I (phenolic) NVP 
metabolites in men. Taken together, this evidence points towards an imbalance 
between the formation of 12-sulfoxy-NVP and detoxification pathways in female sex. 
This imbalance will favour the accumulation of NVP-derived reactive species and the 
emergence of toxic reactions among women, providing an explanation for the sex-
dependent dimorphic profile of NVP-induced toxicity. Besides sex, another risk factors 
for NVP-induced toxicity can be mechanistically explained by this toxicokinetic 
hypothesis. For instance, pregnancy is associated with a decreased ability for hepatic 
glucuronidation of phenolic compounds, and increased sulfoconjugation ability caused 
by higher hepatic mRNA and protein levels of SULT1A1 (Wen et al., 2013; Bright et al., 
2016). Likewise, co-treatment with corticosteroids (eg. dexamethasone, prednisolone) 
might increase the risk of NVP toxicity by an induction effect on hepatic expression of 
SULT1A3 and SULT2A1 (Duanmu et al., 2002; Bian et al., 2007). Although it is not known 
if these specific SULTs can contribute to the formation of 12-sulfoxy-NVP, this 
assumption seems at least plausible due to the significant substrate overlapping 
between different SULTs (Barnett et al., 2004; Gamage, 2005). The higher incidence of 
NVP-induced toxic reactions among Chinese patients (Ho et al., 1998) can also be 
explained by this SULT1A1/12-sulfoxy-NVP putative model. In fact, SULT1A1 is a highly 
polymorphic sulfotransferase, and the SULT1A1*1 allele is associated with higher 
protein stability and higher catalytic activity toward several substrates (Nagar et al., 
2006). The SULT1A1*1 frequency in the Chinese population was reported to be 
significantly higher than the allele frequency in African Americans or Caucasians (Carlini 
et al., 2001). Therefore, it is reasonable to assume that different genetic backgrounds, 
particularly polymorphisms affecting enzymes involved in NVP pharmacokinetics and 
bioactivation might influence the risk of NVP-related toxicity.  
As discussed above, NVP biotransformation into 12-OH-NVP followed by subsequent 
SULT-mediated bioactivation into 12-sulfoxy-NVP (Figure 7) seems to be the most 
relevant molecular pathway leading to the onset of NVP toxic reactions. However, other 
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NVP-derived reactive metabolites have been proposed. For instance, a reactive quinone 
methide formed through the loss of sulphate group of 12-sulfoxy-NVP (Chen et al., 
2008), or alternatively in the absence of phase II biotransformation, through CYP450-
mediated NVP dehydrogenation (Wen et al., 2009), is thought to be the metabolite 
trapped by the antioxidant tripeptide glutathione (GSH), generating NVP-12-GSH 
conjugates (Wen et al., 2009; Srivastava et al., 2010). Although the 12-sulfoxy-NVP 
metabolite was also shown to generate NVP-12-GSH in a reaction catalysed by 
glutathione S-transferases (GSTs) GSTM1-1, GSTA1-1 or GSTA3-3 (Dekker et al., 2016). 
Another metabolite involved in the formation of GSH adducts is NVP-2,3-epoxide, an 
intermediate in 2-OH-NVP formation. This epoxide can generate a NVP-3-GSH conjugate 
(Srivastava et al., 2010; Dekker et al., 2016) in a reaction catalysed by GSTP1-1 (Dekker 
et al., 2016). GSH conjugation is an important phase II detoxification pathway for several 
endo- and xenobiotics, that allows urinary elimination of the respective mercapturates, 
preventing damage of macromolecules induced by reactive species (Eaton and 
Bammler, 1999; Grillo, 2015; Mathias and B’hymer, 2016). Two NVP-derived 
mercapturates, NVP-3-mercapturate and NVP-12-mercapturate, were identified in the 
urine of animals and HIV-infected patients (Srivastava et al., 2010), further confirming 
the occurrence of GSH conjugation of NVP metabolites (Figure 7). However, as recently 
demonstrated, while these mercapturates have a significant value as biomarkers for 
assessing exposure to electrophiles, this pathway is unlike to significantly contribute to 
the detoxification of NVP reactive derivatives, due to the low activity of GSTs catalysis 
and slow kinetic reaction (Dekker et al., 2016). Moreover, GSH-mediated detoxification 
pathways are thought to be impaired in the context of HIV infection, as decreased 
synthesis and lower levels of GSH were reported in these patients (Smith et al., 1996).  
In addition to the previously mentioned reactive NVP metabolites (12-sulfoxy-NVP, NVP 
quinone methide and NVP-2,3-epoxide), it was demonstrated that chemical and 
enzymatic oxidation of 2-OH-NVP can generate a reactive quinone-imine in vitro 
(Antunes et al., 2011). However, the relevance of this quinone-imine for NVP-induced 
toxicity has yet to be confirmed in vivo, particularly because most of the 2-OH-NVP 
metabolite undergoes preferentially phase II UGTs and SULTs metabolic pathways 
(Pinheiro et al., 2017).  
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3.3. Nevirapine immunotoxicology 
NVP-induced skin rash and hepatotoxicity are immune-mediated idiosyncratic reactions 
(Shenton et al., 2005; Popovic et al., 2006, 2010; Kiertiburanakul et al., 2008; Kesselring 
et al., 2009; Ng et al., 2012; Günthard et al., 2014; World Health Organization, 2016), 
which can range from relatively mild forms to severe clinical manifestations, such as 
toxic epidermal necrolysis, Stevens-Johnson syndrome or fulminant liver failure (Lopez-
Delgado et al., 2012; Paik, 2016).   
Regarding the immune-mediated mechanism of NVP toxicity, two different pathways 
have been suggested for hepatotoxicity and skin rash (Yuan et al., 2011; Keane et al., 
2014). Hepatotoxic reactions seem to involve antigen presentation to CD4+ T 
lymphocytes through major histocompatibility complex (MHC) class II, while cutaneous 
adverse events are probably due to antigen presentation to CD8+ T cells through MHC 
class I. In fact, several studies have associated MHC class I (or human leukocyte antigen 
(HLA)-A, -B and -C) and MHC class II (or HLA-DR) alleles to different phenotypes relatively 
to NVP toxicity. For instance, HLA-B*3505 and HLA-Cw*0401 were linked with increased 
risk of NVP induced rash, including Stevens-Johnson syndrome and toxic epidermal 
necrolysis (Chantarangsu et al., 2009; Likanonsakul et al., 2009; Arab-Alameddine et al., 
2011; Yuan et al., 2011; Carr et al., 2013; Keane et al., 2014) while HLA-DRB1*0101 was 
associated with increased risk of hepatotoxicity (Martin et al., 2005; Arab-Alameddine 
et al., 2011; Yuan et al., 2011; Keane et al., 2014). Haptenation of self-proteins by NVP 
reactive metabolites, namely 12-sulfoxy-NVP (Antunes et al., 2010a, 2010b; Caixas et al., 
2012; Meng et al., 2013; Sharma et al., 2013; Pinheiro et al., 2017) seems to be the link 
between NVP bioactivation and the immune-mediated mechanism underlying NVP-
induced toxicity, since the covalent modification of proteins can change their normal 
function and trigger an immune response against the modified protein (House et al., 
2014). Moreover, the persistent inflammatory status and chronic immune activation 
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The general goal of the current work was to provide new and useful insights that can 
contribute to the future development of an HDL booster drug. A drug able to modify and 
improve HDL functionality might be a valuable therapeutic resource, for treating 
diseases for which the therapeutic arsenal is still limited.     
NVP treatment has been associated with significant increases in HDL-cholesterol and 
ApoA1 levels (Table 1). This positive effect on HDL is probably intrinsic to NVP and not 
related with control of viral replication, as observed in uninfected newborns receiving 
NVP for HIV prophylaxis (Sankatsing et al., 2007) and in HIV-infected patients with stably 
suppressed viral load (Franssen et al., 2009). Moreover, HDL increases induced by NVP 
treatment translate into clinical benefits on atherosclerosis progression (Maggi et al., 
2011; Gleason et al., 2016), unlike the changes in lipid profile induced by HDL-targeted 
therapies, such as niacin (The AIM-HIGH Investigators, 2011; The HPS2-THRIVE 
Collaborative Group, 2014), the new generation CETP inhibitor evacetrapib (Eyvazian 
and Frishman, 2017) or the BET protein inhibitor RVX-208 (Nicholls et al., 2016), which 
were associated with no clinical benefits. In fact, despite significant investments on the 
development of HDL booster molecules, there are currently no drugs for effectively 
increasing HDL levels and improving HDL function (Table 1).  
The main disadvantage of NVP is its association with potentially life-threatening skin and 
liver toxicity, which can hamper its re-profiling into an HDL booster molecule. However, 
compelling evidence has shown that NVP toxic reactions are strictly dependent on drug 
biotransformation and bioactivation through specific metabolic pathways (Antunes et 
al., 2008, 2010a, 2010b; Caixas et al., 2012; Marinho et al., 2014c; Pinheiro et al., 2017).  
Our hypothesis is that one of NVP metabolites, with a better toxicokinetic profile, might 
be the responsible for the NVP-induced HDL booster effect. Thus, the central research 
question that drives the next three chapters of the present dissertation is the following: 
To what extent does biotransformation contribute to the HDL modulation induced by 
NVP? Given these premises, the primary specific objective of the work reported in here 
was to reveal the relations between NVP biotransformation and HDL modulation, by 
focusing on the effect of NVP and its metabolites on ApoA1 and PON-1, two components 
of HDL proteome critically involved on HDL particle functionality. Additionally the 
assessment of auto-antibodies against HDL particle and ApoA1 can provide valuable 
   General objectives 
40 
 
insights on the modulation of HDL dysfunctionality (Batuca et al., 2007, 2016). To 
achieve this goal, a translational approach strategy was conducted, resorting to 
exploratory prospective and cross-sectional clinical studies (cf. Chapter 1), 
complemented by in vitro studies (cf. Chapters 2 and 3) that allowed the clarification of 
the individual contribution of each NVP metabolite/NVP biotransformation pathway in 
the modulation of ApoA1 and PON-1.    
Finally, considering NVP’s female-predominant toxic profile (Antinori et al., 2001; 
Bersoff-Matcha et al., 2001; Marinho et al., 2014c), its boosting capability on ApoA1 
(Franssen et al., 2009) and its anti-tumorigenic efficacy (Mangiacasale et al., 2003; Hecht 
et al., 2015), we hypothesised that this drug might be useful for ovarian cancer. For this 
reason, and considering that the emergence of chemoresistance is one of the major 
challenges in the management of ovarian cancer, our secondary specific objective was 
to investigate the relevance of ApoA1 in ovarian cancer treatment, particularly 
concerning its potential for chemosensitisation. For studying the anti-tumorigenic 
properties of ApoA1, we employed in vitro cultures of ovarian cancer cell lines and also 







CHAPTER 1. MODULATION OF HIGH DENSITY LIPOPROTEIN 
FUNCTIONALITY BY NEVIRAPINE: REVEALING THE SIGNIFICANCE 































Modulation of high density lipoprotein functionality by nevirapine: revealing the 
significance of drug biotransformation 
1.1. Summary 
NVP is a widely used antiretroviral associated with biotransformation-driven female-
predominant toxicity. Despite this, NVP’s efficacy and lipid-friendly properties granted 
this drug a prominent role in HIV treatment. The aim of the current study was to 
investigate the relations between NVP treatment, NVP biotransformation and HDL 
functionality.  
In order to achieve this aim, a prospective and a cross-sectional study were performed. 
The end-points evaluated in these studies were HDL-cholesterol, ApoA1, anti-HDL and 
anti-ApoA1 antibodies, POase, AREase and LACase activities of PON-1 enzyme. Plasma 
levels of NVP and its metabolites were quantified by HPLC. Serum PON-1 POase, AREase 
and LACase activities were quantified spectrophotometrically. ApoA1 plasma levels 
were quantified by an immunoturbidimetric assay. Serum levels of anti-HDL and anti-
ApoA1 antibodies were assessed by ELISA.  
Eleven HIV-infected patients starting NVP-based cART were prospectively followed for 
up to 20 weeks. A total of 146 cART-naïve patients and 186 NVP-treated patients (400 
mg NVP/day for at least 3 months) were included in the cross-sectional study. NVP 
treatment was associated with higher levels of HDL-cholesterol and ApoA1, higher PON-
1 POase, AREase and LACase activities, and lower levels of anti-HDL and anti-ApoA1 
antibodies. In the prospective study was evident a temporal modulation of HDL 
functionality. The earliest event observed was the decrease in anti-HDL antibodies, while 
modulation of the other end-points was later observed. In the cross-sectional analysis, 
women on NVP treatment was the group with higher levels of HDL-cholesterol and 
ApoA1 (p< 0.05). In a multivariable analysis, the proportions of 3-OH-NVP (p= 0.009), 12-
OH-NVP (p= 0.007) as well as the proportion of 2-OH-NVP adjusted by body weight (p= 
0.005) were negatively associated with PON-1 LACase activity. The proportion of 2-OH-
NVP was also strongly associated with lower levels of anti-HDL antibodies (p= 0.03). 
Regarding the relations between NVP and its metabolites, NVP plasma levels were 
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associated with 2-OH-NVP (p= 0.03), 12-OH-NVP (p< 0.001) and particularly with 3-OH-
NVP (p< 0.001); while the proportion of 3-OH-NVP was negatively associated with the 
proportions of 2-OH-NVP (p< 0.001) and 12-OH-NVP (p< 0.001).  
This metabolite profile may be consistent with NVP-induced CAR activation and the late 
modulatory effects on HDL functionality suggest the accumulation of a NVP metabolite 
with more lipid-friendly properties than NVP. The evidence herein gathered supports 
that NVP treatment beneficially modulates HDL functionality, being NVP 
biotransformation a possible factor affecting these modulatory effects.  
 
1.2. Objectives:  
The aim of the current study was to disclose the relations between NVP treatment, NVP 
biotransformation, lipid profile and HDL functionality in HIV-infected patients. In order 
to achieve this aim, we performed a prospective analysis with patients starting NVP-
based antiretroviral treatment and a cross-sectional study including cART-naïve patients 
and patients on long-term NVP treatment.   
    
1.3. Methods 
1.3.1. Study design 
A prospective and a cross-sectional clinical investigation were conducted. Both clinical 
studies were performed in accordance with the principles stated in the Declaration of 
Helsinki. The experimental protocols were approved by the National Committee for Data 
Protection (Comissão Nacional de Protecção de dados; process number 6567/2009) and 
by the Ethics Committees of the hospitals involved (Centro Hospitalar de Lisboa Central, 
EPE, process number 32-CHLC and Hospital Professor Doutor Fernando Fonseca, EPE, 
process number CA21/2011). Prior to inclusion in the studies, all patients voluntarily 
gave their written informed consent. All included patients were adults with diagnosed 
HIV-1 infection. Exclusion criteria applied in this study were being under 18 years of age, 
having AIDS-defining conditions, having compliance issues and being on antidyslipidemic 
therapy.  
Prospective study 
HIV-1 infected patients starting NVP-based cART, either or not as first cART scheme, 
were included in the prospective study and followed during four visits: first visit, before 
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starting NVP-based cART (baseline); second visit (2 weeks of treatment), third visit (4 
weeks of treatment) and fourth visit (between 8 and 20 weeks of treatment). NVP 
schedule was performed according to international guidelines: in the first two weeks of 
treatment, NVP was administered at a daily dose of 200 mg, followed by a maintenance 
dose of 400 mg/day. NVP is initiated in HIV-infected women with CD4+ counts below 250 
cells/mm3 and in HIV-infected men with CD4+ counts below 400 cells/mm3 (Günthard et 
al., 2014; World Health Organization, 2016). Adherence to antiretroviral therapy was 
controlled by the clinicians. The study end-points were HDL-cholesterol, ApoA1, anti-
HDL antibodies, anti-ApoA1 antibodies, PON-1 POase, AREase and LACase activities. A 
schematic representation of the prospective study design is presented in Figure 8. The 
following data were collected for each patient: sex, age, ethnicity, body weight, height, 
prior cART experience, time between blood sampling and last NVP intake, cART 
backbone, HIV-1 viral load, CD4+ cell counts, alanine aminotransferase (ALT), lactate 
dehydrogenase (LDH), gamma-glutamyltransferase (GGT), alkaline phosphatase (ALKP). 
Blood samples (2mL) for ApoA1 quantification were collected into EDTA-containing 
tubes, while blood samples (2mL) for quantifications of PON-1 activities, anti-HDL and 














Figure 8 Schematic representation of the prospective study design. After the eligibility assessment, patients starting 
nevirapine (NVP)-based combined antiretroviral therapy (cART) were included in the prospective study. NVP is initiated 
in HIV-infected women with CD4+ counts below 250 cells/mm3 and in HIV-infected men with CD4+ counts below 400 
cells/mm3. Patients were followed during four visits: Before starting NVP-based cART (baseline), two weeks after 
starting NVP treatment, at a daily dose of 200 mg (week 2), four weeks after starting NVP treatment – consisting of a 
period of two weeks on 200 mg NVP/day followed by two weeks on 400 mg NVP/day (week 4) and the last visit, 
between 8 and 20 weeks after starting NVP-based cART. The end-points evaluated in this prospective analysis were 
high density lipoprotein (HDL)-cholesterol, apolipoprotein A1 (ApoA1), anti-HDL antibodies, anti-ApoA1 antibodies, 
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Two groups of patients were included in the cross-sectional study. The naïve group was 
comprised by HIV-1 infected patients without previous antiretroviral experience. The 
NVP group included patients who had been treated with a NVP-based cART scheme for 
more than three months, irrespectively of previous cART experience. Adherence to 
antiretroviral therapy was controlled by the clinicians.  
The following data were collected for each patient: sex, age, ethnicity, body weight, 
height, time on cART, time on NVP-based cART, time between blood sampling and last 
NVP intake, cART backbone, HIV-1 viral load, CD4+ cell counts, ALT, LDH, GGT, ALKP, total 
cholesterol, LDL-cholesterol, HDL-cholesterol and triglycerides. The study end-points 
were HDL-cholesterol, ApoA1, anti-HDL antibodies, anti-ApoA1 antibodies, POase, 
AREase and LACase activities of PON-1. 
Blood samples (2mL) for NVP and NVP metabolites quantification and for ApoA1 
quantification were collected into EDTA-containing tubes, while blood samples (2mL) for 
quantifications of PON-1 activities, anti-HDL and anti-ApoA1 antibodies were collected 
into tubes with no anti-coagulant. 
Additionally, HIV-infected patients on EFV- and PIs-based cART schemes were also 
included in a cross-sectional analysis of PON-1 POase activity and anti-HDL antibodies, 
in order to elucidate whether the NVP-induced effect on HDL is a drug-specific effect or 
a consequence of the suppression of HIV replication.  
1.3.1. Quantification of nevirapine and its metabolites  
Plasma was obtained by centrifugation of blood samples from EDTA-containing tubes at 
3000 g for 10 min. A volume of 900 µL of plasma was heated at 60 ˚C for 1 hour for viral 
inactivation. NVP and its phase I metabolites were then extracted from plasma using 
dichloromethane partitioning. The analytes were quantified by a fully validated in-house 
developed high performance liquid chromatography (HPLC) method (Marinho et al., 
2014d). The plasma levels of NVP and its metabolites were expressed in ng/mL. 
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1.3.2. Quantification of paraoxonase-1 activities 
Serum was obtained by centrifugation of blood samples from serum tubes, with no 
anticoagulant, at 3000 g for 10 min. The quantification of PON-1 activities was 
performed by in-house developed and validated methods, as previously described by 
Dias and collaborators (2014a, 2014b). Briefly, for the quantification of PON-1 POase 
activity, the substrate employed was paraoxon and the formation of p-nitrophenol was 
spectrophotometrically monitored; for PON-1 AREase activity the substrate used was 
phenyl acetate, being monitored the hydrolysis of this substrate into acetic acid; while 
for the LACase activity of PON-1 the substrate was dihydrocoumarin and the product 
monitored was 3-(o-hydroxyphenyl) propionic acid (Figure 9). PON-1 POase activity was 










Figure 9 Analytical methodologies for measuring paraoxonase-1 activities. Paraoxonase-1 (PON-1) 
enzyme has three activities identified to date. These activities can be spectrophotometrically quantified, 
employing different substrates and measuring the formation of specific products. PON-1 paraoxonase 
activity reflects the enzyme’s ability to detoxify environmental toxicants; the substrate used for measuring 
this activity is paraoxon and the product monitored is p-nitrophenol (Batuca et al., 2008). PON-1 is also 
responsible for detoxifying lipid peroxides through its arylesterase activity, which can be measured using 
phenyl acetate as substrate and measuring acetic acid formation (Dias et al., 2014b). PON-1 also detoxifies 
homocysteine-thiolactone, through its lactonase activity, being this activity identified as the native activity 
of PON-1. For measuring lactonase activity, the substrate employed is dihydrocoumarin and the product 
of the enzymatic hydrolysis is 3-(o-hydroxyphenyl) propionic acid (Dias et al., 2014a). Adapted from Dias, 
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1.3.3. Quantification of apolipoprotein A1 levels  
ApoA1 plasma levels were determined in the RX Daytona analyser (Randox Laboratories, 
Northern Ireland, UK) by an immunoturbidimetric assay. ApoA1 levels were expressed 
as mg/dL. 
 
1.3.4. Quantification of anti-high density lipoprotein and anti-apolipoprotein A1 IgG 
antibodies 
Serum titres of anti-HDL and anti-ApoA1 IgG antibodies were quantified by in-house 
developed enzyme-linked immunosorbent assay (ELISA) methods, as previously 
described by Batuca and collaborators (Batuca et al., 2007, 2016). Briefly, 20 µg/mL HDL 
(Sigma-Aldrich, Portugal) or 10 µg/mL ApoA1 (Sigma-Aldrich) solutions were prepared 
in 70 % ethanol and then coated to a 96-well plate for 2 h at 37 ˚C. The plates were 
blocked at 37 ˚C with 100 μL/well of 1% bovine serum albumin (BSA) in 10 mM 
phosphate buffered saline (PBS) pH 7.4, for 1 h. After this period, the plates were 
washed 4X with PBS. Subsequently, samples, controls and standards were diluted in 
blocking buffer (1:100 dilution for quantifying anti-HDL antibodies and 1:200 dilution for 
quantifying anti-ApoA1 antibodies) and added to the plate for 1 h at 37 ˚C. The unbound 
antibodies were removed by repeating the washing step. Alkaline phosphatase 
conjugated anti-human IgG antibody (1:1000 dilution in blocking buffer) was then added 
to the plate for 1 h. After this period of incubation, plates were washed twice with PBS 
and BIC buffer. P-nitrophenyl phosphate diluted in BIC buffer was then added to the 
plate and incubated at 37 °C for 1 h. The absorbance was determined at 405 nm.  
The assays were validated by the inclusion of internal quality control samples. The 
quantification of the anti-HDL IgG antibodies was presented as a percentage of the 
control, while the quantification of the anti-ApoA1 IgG antibodies was presented as 
µg/mL. The calibration curve for anti-ApoA1 IgG was prepared with six standards of 
ApoA1 monoclonal antibody (Thermo Scientific) with concentrations ranging from 0.001 
to 0.04 µg/mL. Inter- and intra-plate variation was less than 10 %. Serum from 150 
healthy volunteers was employed to assess a reference range for these auto-antibodies. 
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The cut-off for the upper normal levels of anti-HDL and anti-ApoA1 antibodies was set 
at the mean ± 3 times the standard deviation of the healthy controls. Therefore, samples 
were considered positive if the levels of anti-HDL and anti-ApoA1 were above 180.96 % 
and 0.274 μg/mL, respectively. 
 
1.3.5. Statistical analysis  
Statistical analysis was performed using GraphPad®Prism version 5.0 (GraphPad 
Software Inc., La Jolla, CA, USA). Percentages, mean ± standard error of the mean (SEM) 
or median ± interquartile range (IQR) were used to describe the population. Fisher’s test 
was employed for comparison between percentages while Mann-Whitney U test was 
performed for comparisons between medians. One-way analysis of variance (ANOVA) 
with Bonferroni’s multiple comparison post-hoc test was performed for comparing 
means between more than two groups. Kruskal-Wallis test with Dunn’s multiple 
comparison post-hoc analysis was performed for comparing medians between more 
than two groups. Systemic exposure to NVP was evaluated in terms of absolute 
concentration while systemic exposure to NVP metabolites was evaluated as absolute 
concentrations and as the proportion of each compound in plasma, either adjusted or 
not by the body weight. Correlations between the end-points, NVP and its metabolites 
and the other collected parameters were obtained using Spearman’s or Pearson’s test, 
whenever appropriate. Multivariable analysis was performed using IBM SPSS Statistics 
23.0 (IBM., Armonk, NY, USA). For the prospective analysis, the parameters of HDL 
functionality and lipid profile were normalised by the baseline values for each individual 
patient, and expressed in percentage from baseline. One sample t test and Wilcoxon 
signed-rank test were performed to compare prospective values with baseline. 
Differences between groups and correlations were considered significant if p value < 
0.05. 
   
 
Chapter 1 




1.4.1. Prospective analysis 
1.4.1.1. Characterisation of the patients  
Eleven HIV-1-infected patients starting a NVP-based cART scheme were prospectively 
followed for up to 20 weeks. Demographic, anthropometric and clinical data for patients 
included in this prospective analysis is shown on Table 4. A total of 7 patients (64%) were 
of Caucasian ethnicity, 5 patients (45%) were women and the age of the participants 
ranged from 30 to 69 years old. Only 3 patients (27%) had previous experience on cART, 
while the remaining patients were on NVP-based cART as first antiretroviral therapy. 
Regarding cART backbone, 7 patients (64%) were treated with TDF plus FTC. On table 4, 
it is shown the levels of HIV-1 viral load, CD4+ cell counts and liver function parameters 
for each patient, along the course of the study. 
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Table 4 Demographic, anthropometric and clinical data for patients included in the prospective study.  




























sampling and last 
NVP intake (h) 
1 NC M 35 64 20 No 
ABV + 
3TC 
Baseline 17089 280 73 314 211 275 - 
Week 12 BQL 352 74 209 199 621 12 
2 C M 55 65 23 No 
ABV + 
3TC 
Baseline 142084 302 44 189 62 17 - 
Week 2 625 389 36 173 95 20 15 
Week 8 425 286 32 201 87 18  
Week 16 127 672 23 181 77 22 15 
3 NC M 31 81 26 No 
TDF + 
FTC 
Baseline 49939 349 58 288 79 81 - 
Week 2 ND ND 48 ND ND 110 14 
Week 4 115 424 55 287 70 160 13 
Week 20 BQL 406 65 255 66 254 15 
4 C M 60 75 28 No 
TDF + 
FTC 
Baseline 39522 276 32 171 50 41 - 
Week 2 ND ND 27 ND ND 58 13 
Week 4 ND 230 25 202 56 96 15 
Week 12 145 224 27 176 64 119 13 
5 C F 69 49 23 Yes 
TDF + 
FTC 
Baseline BQL 247 24 136 84 16 - 
Week 2 BQL ND ND ND ND ND 16 
Week 4 BQL ND 54 ND ND 31 14 
Week 12 BQL 348 352 239 93 56 15 
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sampling and last 
NVP intake (h) 
6 C F 57 69 29 No 
TDF + 
FTC 
Baseline 233983 42 112 218 85 186 - 
Week 2 ND ND 96 ND ND 190 13 
Week 4 3069 58 91 192 48 237 12 
Week 12 29801 114 69 219 57 181 11 
7 NC F 59 102 44 No 
TDF + 
FTC 
Baseline 20044 58 23 215 77 31 - 
Week 8 BQL 68 28 245 127 77 14 
8 C M 45 66 22 Yes 
TDF + 
FTC 
Baseline BQL 709 27 181 102 130 - 
Week 2 BQL ND ND ND ND ND 13 
Week 4 BQL 591 42 189 100 376 12 
Week 17 BQL 633 38 160 93 352 12 
9 C M 49 50 17 Yes 
ABV + 
3TC 
Baseline BQL 840 31 214 144 35 - 
Week 2 BQL ND 61 ND ND ND ND 
10 NC F 30 71 26 No 
ABV + 
3TC 
Baseline 17089 280 38 ND 70 35 - 
Week 2 BQL 277 39 270 84 62 12 
11 C F 40 51 22 No 
TDF + 
FTC 
Baseline ND ND 32 149 48 16 - 
Week 12 BQL 788 39 156 55 38 15 
Abbreviations: 3TC, lamivudine; ABV, abacavir; ALKP, alkaline phosphatase; ALT, alanine aminotransferase; BMI, body mass index; BQL, below quantification limit; C, Caucasian; cART, combined 
antiretroviral therapy; F, female; FTC, emtricitabine; GGT, gamma glutamyl-transferase; LDH, lactate dehydrogenase; M, male; NC, non-Caucasian; ND, non-determined; NVP, nevirapine; TDF, tenofovir 




1.4.1.2. Nevirapine treatment was associated to an overall improvement of high 
density lipoprotein-cholesterol levels and functionality  
In order to investigate the effect of NVP in HDL quantity (HDL-cholesterol) and 
functionality (ApoA1, PON-1 activities, anti-HDL and anti-ApoA1 antibodies), a 
prospective analysis was conducted. In figure 10 is shown the temporal variation of 
study end-points, across the duration of the study (from baseline up to 8-20 weeks). 
The exposure to 200 mg of NVP for 2 weeks allowed a decrease in anti-HDL levels (Figure 
10, Panel B, One sample t test; mean ± SEM, -33 ± 11.8 % change from baseline, p= 
0.039), without changes in HDL-cholesterol levels (Figure 10, Panel A, One sample t test; 
-3 ± 2.5 %, p> 0.05). This early decrease in anti-HDL antibodies contrasts with a delayed 
decrease in anti-ApoA1 antibodies (Figure 10, Panel D, One sample t test; week 2: 35 ± 
24.8 %, p> 0.05; week 4: -18 ± 25.0 %, p> 0.05; week 8-20: -34 ± 9.7, p= 0.012). Also, the 
ApoA1 increase was a late event, reached when the steady-state concentration on 400 
mg NVP was already attained (Figure 10, Panel C, Wilcoxon signed-rank test; median 
[IQR] week 8-20: 9 [3 - 22] %; p= 0.036). The most substantial changes were the decrease 
in anti-HDL (Figure 10, Panel B, One sample t test; week 4: -60 ± 17.9 %, p= 0.028), anti-
ApoA1 (Figure 10, Panel D, One sample t test; week 8-20: -34 ± 9.7 %, p= 0.012), as well 
as the increase in HDL-cholesterol (Figure 10, Panel A, One sample t test; week 4: 32 ± 
2.7 %, p= 0.0014) when patients were on 400 mg NVP.  
PON-1 POase activity increased very slightly on week 8-20, not reaching statistical 
significance (Figure 10, Panel E, One sample t test; 9 ± 12.9 %, p> 0.05). PON-1 AREase 
activity gradually increased during the course of the study (Figure 10, Panel F, One 
sample t test; week 2:  5 ± 14.6 %; week 4: 23 ± 28.6; p> 0.05), reaching statistical 
significance on week 8-20 (76 ± 21.6%; p= 0.012). Relatively to PON-1 LACase activity, it 
was observed a decrease of this activity on week 2 and 4 (Figure 10, Panel G, One sample 
t test; week 2: -7 ± 9.1 %; week 4: -17 ± 12.5 %; p> 0.05) followed by a significant increase 
































































































































































































































































































































































































































Figure 10 Effect of nevirapine treatment on high density lipoprotein-cholesterol levels and functionality. Patients were 
prospectively followed during 2, 4 and 8 to 20 weeks after starting nevirapine (NVP)-based combined antiretroviral therapy 
(cART). Data regarding high density lipoprotein (HDL)-cholesterol (Panel A), anti-HDL IgG (Panel B), apolipoprotein A1 
(ApoA1; Panel C), anti-ApoA1 IgG (Panel D) and paraoxonase (POase) activity (Panel E), arylesterase (AREase) activity (Panel 
F) and lactonase (LACase) activity (Panel G) of paraoxonase-1 (PON-1) is presented as % change from baseline. Kolmogorov-
Smirnov test was employed to test normality. One sample t test was employed to compare means ± SEM to baseline (Panels 
A, B and D-G), while Wilcoxon signed-rank test was employed to compare medians [IQR] to baseline (Panel C). One-way 
ANOVA with Dunnett’s multiple comparison post-test (Panels A, B and D-G) and Kruskal-Wallis test with Dunn’s multiple 
comparison post-hoc analysis (Panel C) were employed to compare values between week 4 and 8-20 to week 2. Differences 




1.4.2. Cross-sectional study 
1.4.2.1. Characterisation of the study population  
A total of 332 HIV-1 infected patients were included in the current study. One hundred 
and forty-six (146) of those patients were cART naïve (naïve group), which means that 
they did not meet the criteria for staring cART due to their early stage of infection; while 
186 patients had been treated with a NVP-based cART scheme, receiving 400 mg of NVP 
once daily for at least 3 months (NVP-treated group). Demographic, anthropometric and 
clinical data for patients in the naïve group and in the NVP-treated group is presented 
in Table 5.  
The percentage of patients of Caucasian ethnicity and the percentage of women 
between the naïve group and the NVP-treated group were not significantly different 
(Fisher’s test for comparison between proportions; p> 0.05). NVP-treated patients were 
older than naïve patients (Mann-Whitney U test for comparison between medians; p< 
0.0001). There were no significant differences between groups regarding body weight, 
BMI or CD4+ counts (Mann-Whitney U test; p> 0.05). For patients in NVP-treated group, 
the median time on cART was 8 years and the median time on NVP-based cART was 4 
years. The most common cART backbones were TDF plus FTC (54% of patients on NVP-
based cART) and abacavir (ABV) plus 3TC (40% of patients on NVP-based cART). Patients 
on NVP treatment had higher levels of liver function markers ALT, ALKP and GGT (Mann-
Whitney U test, p< 0.001).   
In order to characterise sex-related differences on the end-points, anthropometric and 
clinical parameters were analysed in accordance to sex and treatment status (Table 6). 
For instance, NVP-treated women presented lower body weight (Kg) than NVP-treated 
men, while there were no significant differences on body weight between naïve women 
and men (Kruskal-Wallis test with Dunn’s multiple comparison post-hoc analysis; p< 0.01 
for NVP-treated male versus female). However, relatively to the BMI, the only sex-
related differences observed were between naïve patients (Kruskal-Wallis test with 
Dunn’s multiple comparison post-hoc analysis; p≤ 0.01 for naïve male versus female). 
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Table 5 Demographic, anthropometric and clinical data for patients included in the cross-sectional study.  
Parameters Naïve patients (n=146) NVP-treated patients (n=186) p value 
Percentage of Caucasians 
(%) a 
53  55 NS 
Percentage of females (%) 
a 
48  53  NS 
Age (years) b 38 [31 – 47]  46 [39 – 56] < 0.0001 
Body weight (kg) b, c 70 [58 – 81] (n=88) 70 [61 – 80] (n=184) NS 
BMI (kg/m2) b, c 25 [21 – 29] (n=87) 25 [22 – 28] (n=183) NS 
HIV-1 viral load 
(copies/mL) c 
21047 [4691 – 54318] (n=115) BQL (n=173)  
CD4+ cell counts 
(cells/mm3) b, c 
483 [388 – 642] (n=140) 519 [375 – 671] (n=166) NS 
Time on cART (years) c _ 8 [4 – 11] (n=121) NA 
Time on NVP (years) c _ 4 [2 – 8] (n=88) NA 
cART backbone (%)   
NVP + TDF + FTC _ 54 NA 
NVP + ABV + 3TC  _ 40  NA 
NVP + AZT + 3TC _ 3 NA 
NVP + ABV + FTC _ 2 NA 
NVP + DDI + LPV/r _ 1 NA 
Time between sampling 
and last NVP intake (h) c 
_ 
13 [11 – 15] (n=52) 
NA 
ALT (U/L) b, c 24 [18 – 37] (n=94) 30 [25 – 45] (n=117) 0.0009 
ALKP (U/L) b, c 71 [57 – 82] (n=88) 82 [69 – 124] (n=117) < 0.0001 
LDH (U/L) b, c 184 [162 – 215] (n=80) 196 [172 – 229] (n=117) NS 
GGT (U/L) b, c 25 [16 – 41] (n=88) 66 [41 – 116] (n=120) < 0.0001 
 
Abbreviations: 3TC, lamivudine; ABV, abacavir; ALKP, alkaline phosphatase; ALT, alanine aminotransferase; AZT, 
zidovudine; BMI, body mass index; BQL, below quantification limit; cART, combined antiretroviral therapy; DDI, 
didanosine; FTC, emtricitabine; GGT, gamma glutamyl-transferase; LDH, lactate dehydrogenase; LPV/r, 
lopinavir/ritonavir; NA, not applicable; NS, not significant; NVP, nevirapine; TDF, tenofovir disoproxil fumarate.  
Data are shown as percentage or as median [IQR]. Differences were considered significant if p< 0.05. a Fisher’s test; b 
Mann-Whitney U test, median [IQR]. c Missing values correspond to patients for whom anthropometric or clinical 
data were not available. 
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Naïve men presented higher viral load than naïve women (Mann-Whitney U test; p≤ 
0.01), while both men and women under NVP treatment had undetectable viral loads. 
Despite these differences in terms of viral load between naïve men and women, no 
significant sex-related differences were observed on the immunological status (Kruskal-
Wallis test with Dunn’s multiple comparison post-hoc analysis; p> 0.05).  
 
Table 6 Sex-related differences in anthropometric and clinical data for patients included in the cross-sectional study. 
Parameters 
Naïve patients (n=146) NVP-treated patients (n=186) 
Male (n=76) Female (n=70) Male (n=88) Female (n=98) 
Body weight 
(kg) a, c 
68 [60 – 79]  
(n=37) 
72 [56 – 87]  
(n=51) 
74 [64 – 83]   
(n=87) 
67 [58 –78] §§  
(n=97) 
BMI (kg/m2) a, 
c 
23 [20 – 26] 
(n=36) 
26 [22 – 32] ** 
(n=51) 
25 [22 – 27] 
(n=86) 




(copies/mL) b, c 
30624 [8926 – 86280]  
(n=63) 








(cells/mm3) a, c 
459 [384 – 624]  
(n=73) 
532 [389 – 669]  
(n=67) 
526 [406 – 673] 
(n=76) 
512 [357 – 663]  
(n=90) 
ALT (U/L) a, c 
26 [19 – 43] 
(n=57) 
22 [16 – 32]  
(n=37) 
34 [25 – 46] 
(n=55) 
30 [23 – 39] ##  
(n=62) 
LDH (U/L) a, c 
187 [172 – 215]  
(n=48) 
172 [155 – 204]  
(n=32) 
181 [170 – 215] 
(n=56) 
206 [179 – 232] ## 
(n=61) 
Abbreviations: ALT, alanine aminotransferase; BMI, body mass index; BQL, below quantification limit; 
LDH, lactate dehydrogenase; NVP, nevirapine.  
Data are shown as median [IQR]. Differences were considered significant if p< 0.05. a Kruskal-Wallis test 
with Dunn’s multiple comparison post-hoc analysis. b Mann-Whitney U test. c Missing values correspond 
to patients for whom anthropometric or clinical data were not available. (§) versus NVP-treated male. (*) 
versus naïve male. (#) versus naïve female. 
 
Regarding hepatic function tests, NVP-treated women showed higher levels of ALT 
(Kruskal-Wallis test with Dunn’s multiple comparison post-hoc analysis; p≤ 0.01 for naïve 
female versus NVP-treated female) and higher levels of LDH (p≤ 0.01 for naïve female 
versus NVP-treated female) than naïve women. Differences between naïve male and 
NVP-treated male did not reach statistical significance. These observations relatively to 
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sex differences on hepatic function tests are consistent with female-predominant NVP-
induced toxicity.  
 
1.4.2.2. Patients on nevirapine treatment showed improved high density 
lipoprotein functionality   
Data regarding patients’ lipid profile and HDL functionality are presented in Table 7. 
Patients under NVP treatment presented higher levels of total cholesterol and HDL-
cholesterol (Mann-Whitney U test; p< 0.0001 for both total cholesterol and HDL-
cholesterol). LDL-cholesterol was also higher among NVP-treated patients, although to 
a lesser extent than total cholesterol and HDL-cholesterol (p< 0.013). No significant 
differences were observed for triglycerides levels (p> 0.05). Taken together, these 
observations support an increment of total cholesterol in the NVP-treated group mainly 
caused by increases in HDL-cholesterol levels. The levels of ApoA1, the precursor of HDL 
particles and main structural and functional protein present in HDL, were also increased 
in NVP-treated patients (p< 0.0001). Regarding PON-1 activities, NVP-treated patients 
presented higher POase and AREase activities (p< 0.0001 for both activities). PON-1 
LACase activity was also higher among NVP-treated patients, although not reaching 
statistical significance (p= 0.066). Moreover, the levels of anti-HDL and anti-ApoA1 IgG, 
a measure of HDL and ApoA1 dysfunctionality, were lower among NVP-treated patients 
(p= 0.0017 for anti-HDL IgG; p< 0.0001 for anti-ApoA1 IgG). Regarding the quantification 
of these auto-antibodies, samples were considered positive if the levels of anti-HDL and 
anti-ApoA1 were above 180.96 % and 0.274 μg/mL, respectively. The percentage of 
patients with positive levels of anti-HDL and anti-ApoA1 was lower among NVP-treated 
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Table 7 Lipid profile and high density lipoprotein functionality in HIV-infected naïve patients and patients under 
nevirapine treatment.   
 
Parameters Naïve patients (n=146) NVP-treated patients (n=186) p value 
Total cholesterol (mg/dL)  167 [146 – 194] (n=127) 207 [179 – 231] (n=175) < 0.0001 
LDL-cholesterol (mg/dL)  109 [88 – 122] (n=122) 115 [97 – 138] (n=173) 0.013 
HDL-cholesterol (mg/dL) 45 [35 – 56] (n=122) 61 [50 – 74] (n=174) < 0.0001 
Triglycerides (mg/dL)  92 [68 – 124] (n=127) 100 [71 – 147] (n=174) NS 
ApoA1 (mg/dL)  134 [121 – 155] (n=114) 152 [133 – 172] (n=181) < 0.0001 
PON-1 POase activity (U/L) 118 [52 – 194] (n=143) 210 [158 – 246] (n=181) < 0.0001 
PON-1 AREase activity (kU/L) 61 [27 – 95] (n=142) 118 [83 – 144] (n=180) < 0.0001 
PON-1 LACase activity (kU/L)  11 [9 – 14] (n=85) 12 [9 – 17] (n=176) NS (p= 0.066) 
Anti-HDL IgG antibodies (% 
positive control)  
157 [112 – 224] (n=89) 113 [81 – 165] (n=90) 0.0017 
Patients with positive titres of 
anti-HDL antibodies (%) 
37 24 0.046 
Anti-ApoA1 IgG antibodies 
(µg/mL) 
0.24 [0.13 – 0.47] (n=36) 0.11 [0.06 – 0.20] (n=48) < 0.0001 
Patients with positive titres of 
anti-ApoA1 antibodies (%) 
44 11 < 0.0001 
 
Abbreviations: ApoA1, apolipoprotein A1; AREase, arylesterase; HDL, high density lipoprotein; IgG, 
immunoglobulin G; LACase, lactonase; LDL, low density lipoprotein; NS, not significant; NVP, nevirapine; 
POase, paraoxonase; PON-1, paraoxonase-1.  
 
Data are shown as percentage or median [IQR]. Differences were considered significant if p< 0.05. Mann-
Whitney U test and Fisher’s test were performed as statistical tests. Missing values correspond to patients 
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1.4.2.3. Sex and nevirapine treatment affect high density lipoprotein functionality 
 
In order to clarify if the effect of NVP treatment in HDL functionality was sex-dependent, 
data were analysed considering four groups of patients according to treatment status – 
naïve or NVP-treated – and sex (Figure 11). Sex-related differences were observed for 
naïve patients, with women presenting higher levels of HDL-cholesterol (Figure 11, Panel 
A, Kruskal-Wallis test with Dunn’s multiple comparison post-hoc analysis; naïve male: 38 
[32 – 46] (n=66); naïve female: 56 [45 – 63] (n=56); p≤ 0.001), ApoA1 (Figure 11, Panel 
C, One-way ANOVA with Bonferroni’s multiple comparison post-hoc test; naïve male: 
128 ± 3.4 (n=62); naïve female: 146 ± 2.7 (n=51); p≤ 0.01) and PON-1 AREase activity 
(Figure 11, Panel F, Kruskal-Wallis test with Dunn’s multiple comparison post-hoc 
analysis; naïve male: 41 [21 – 70] (n=75); naïve female: 86 [45 – 106] (n=67); p≤ 0.001).  
Approximately the same pattern was observed for NVP-treated patients, with women 
presenting higher levels of HDL-cholesterol (Figure 11, Panel A, NVP-treated male: 55 
[46 – 66] (n=79); NVP-treated female: 67 [55 – 83] (n=95); p< 0.001) and higher ApoA1 
levels (Figure 11, Panel C, NVP-treated male: 145 ± 3.7 (n=85); NVP-treated female: 159 
± 3.2 (n=92); p< 0.01). However, PON-1 AREase activity was similar between NVP-
treated males and females (Figure 11, Panel F, NVP-treated male: 115 [73 – 141] (n=83); 
NVP-treated female: 119 [88 – 147] (n=97); p≥ 0.05). NVP-treated female was the group 
presenting a more favourable lipid profile, taken together these observations support 

































































































































































































































































































































































































































































































Figure 11 Sex-related and nevirapine-related differences on lipid profile and high density lipoprotein functionality. Patients were 
divided into 4 groups according to treatment status (naïve or nevirapine (NVP)-treated) and sex. Data regarding high density 
lipoprotein (HDL)-cholesterol (Panel A), anti-HDL IgG antibodies (Panel B), anti-apolipoprotein A1 (ApoA1) IgG antibodies (Panel D), 
paraoxonase (POase) activity (Panel E), arylesterase (AREase) activity (Panel F) and lactonase (LACase) activity (Panel G) of 
paraoxonase-1 (PON-1) enzyme are presented as median [IQR], while data on ApoA1 (Panel C) are presented as mean ± SEM. Kruskal-
Wallis test with Dunn’s multiple comparison post-hoc analysis was performed for comparison between medians on Panels A, B and 
D-G, while One-way ANOVA with Bonferroni’s multiple comparison post-hoc test was performed for comparison between means on 
Panel C. Differences were considered significant if p< 0.05. *p< 0.05; ** p≤ 0.01; *** p≤ 0.001. Missing values correspond to patients 
for whom quantification of lipid profile or parameters of HDL functionality were not performed. 
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1.4.2.4. Nevirapine effect on high density lipoprotein functionality is a drug-specific 
effect 
 
In order to investigate whether the improvement on HDL functionality was intrinsically 
related to NVP or a consequence of the suppression of HIV replication, and therefore 
not a drug-specific effect, we compared two of the end-points analysed in the current 
study – PON-1 POase activity and anti-HDL antibodies – in naïve patients and in patients 
on different cART schemes: NVP-, EFV- and PIs-based treatment.  
A total of 54 HIV-infected patients on EFV-based cART (72% of Caucasian ethnicity, 44% 
women, age ranging from 20 to 72 years) and 63 patients on PIs-based cART (71% of 
Caucasian ethnicity, 28% women, age ranging from 25 to 83 years) were included. NVP-
treated patients presented higher PON-1 POase activity than any other group (Figure 
12, Panel A, Kruskal-Wallis test with Dunn’s multiple comparison post-hoc analysis; NVP: 
210 [158 - 246] n=181; naïve: 118 [52 - 194] n=143, NVP vs. naïve p< 0.001; EFV: 143 [89 
- 225] n=30, NVP vs. EFV p< 0.05; PIs: 102 [58 - 195] n=44, NVP vs. PIs p< 0.001). Likewise, 
NVP-treated patients presented lower levels of anti-HDL antibodies than any other 
group (Figure 12, Panel B, Kruskal-Wallis test with Dunn’s multiple comparison post-hoc 
analysis; NVP: 113 [81 - 165] n=90; naïve: 157 [112 - 224] n=89, NVP vs. naïve p< 0.01; 
EFV: 143 [121 - 186] n=54; NVP vs. EFV p< 0.05; PIs: 144 [113 - 205] n=63; NVP vs. PIs p< 
0.05).    
Additionally, we evaluated the relations between the viral load in naïve patients and the 
study end-points. We found a negative correlation between the viral load and the levels 
of HDL-cholesterol (Pearson’s test; r= -0.24; p= 0.018; n=96). HIV-1 viral load was not 
correlated with ApoA1 (Pearson’s test; r= -0.05; p= 0.63; n=90), anti-HDL antibodies 
(Spearman’s test; r= 0.07; p= 0.52; n=77), anti-ApoA1 antibodies (Spearman’s test; r= 
0.04; p= 0.85; n=27) or PON-1 activities (Spearman’s test; POase: r= 0.08; p= 0.41; n=112; 
AREase: r= -0.09; p= 0.31; n=111; LACase: r= -0.12; p= 0.36; n=61). Taken together, these 
observations support that improvement of HDL functionality induced by NVP treatment 
is a drug-specific effect, although we cannot exclude the suppression of viral replication 
as a factor contributing for HDL modulation, particularly in terms of HDL-cholesterol 
levels. 
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Figure 12 High density lipoprotein functionality in HIV-infected patients treated with different antiretroviral 
therapies. Patients were divided into four groups according to treatment status: naïve patients, patients treated with 
nevirapine (NVP), efavirenz (EFV) or protease inhibitors (PI). Data regarding paraoxonase (POase) activity of 
paraoxonase-1 (PON-1) enzyme (Panel A) and anti-high density lipoprotein (HDL) antibodies (Panel B) are presented 
as median [IQR]. Kruskal-Wallis test with Dunn’s multiple comparison post-hoc analysis was employed as statistical 
test. Differences were considered significant if p< 0.05. *p< 0.05; ** p≤ 0.01; *** p≤ 0.001.       
 
1.4.2.5. Nevirapine biotransformation seems to influence, at least to some extent, 
the functionality of high density lipoprotein particles  
Multivariable analysis was performed for NVP-treated patients in order to clarify the 
factors associated with the study end-points in these patients, particularly the influence 
of NVP biotransformation on HDL functionality. The plasma levels of NVP and its 
metabolites are presented on Table 8. 
PON-1 LACase activity was associated with AREase activity (Multivariable analysis; B: 3.9; 
95% CI [3.1 – 4.8]; p< 0.001). Additionally, the proportion of 3-OH-NVP (B: -5.6 ± 1.9; p= 
0.009), the proportion of 12-OH-NVP (B: -3.5 ± 1.1; p= 0.007) and the proportion of 2-
OH-NVP adjusted by body weight (B: -2.7 ± 0.8; p= 0.005) were negatively associated 
with PON-1 LACase activity. The proportion of 2-OH-NVP in plasma was negatively 
associated with anti-HDL antibodies (B: -14.4; 95% CI [-27.6 – -1.3]; p= 0.03).     
Additionally, in the multivariable analysis, NVP concentration was associated with the 
plasma levels of 2-OH-NVP (B: 8.2 ± 3.8; p= 0.03), 12-OH-NVP (B: 2.8 ± 0.8; p< 0.001) and 
particularly with the plasma levels of 3-OH-NVP (B=62.2 ± 16.8; p< 0.001). However, NVP 
plasma levels were not associated with the proportions of the metabolites (p> 0.05 for 
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proportions of 2-, 12- and 3-OH-NVP, either or not adjusted by the body weight). 
Moreover, the proportion of 3-OH-NVP was negatively associated with the proportions 
of 2-OH-NVP (B: -1 ± 0.006; p< 0.001) and 12-OH-NVP (B: -1 ± 0.005; p< 0.001).  
Table 8 Quantification of nevirapine metabolite profile and sex-related differences in phase I biotransformation. 
 NVP-treated male (n=88) 
CV 
(%) 




Analytes (ng. mL-1)      
NVP  4628 [3183 – 5489] (n=60) 38 4233 [3445 – 5405] (n=63) 42 NS 
2-OH-NVP  57 [33 – 104] (n=40) 68 46 [27 – 66] (n=44) 55 NS 
3-OH-NVP  24 [17 – 31] (n=51) 35 25 [18 – 36] (n=57) 57 NS 
12-OH-NVP  371 [285 – 543] (n=60) 47 375 [285 – 532] (n=64) 64 NS 
Analytes adjusted 
by body weight (ng. 





NVP 61 [43 – 75] (n=57) 37 67 [50 – 89] (n=60) 42 0.039 
2-OH-NVP  0.81 [0.44 – 1.44] (n=40) 75 0.76 [0.37 – 1.02] (n=44) 64 NS 
3-OH-NVP  0.30 [0.23 – 0.44] (n=50) 40 0.41 [0.25 – 0.61] (n=57) 66 0.039 
12-OH-NVP  5 [4 – 8] (n=59) 44 6 [4 – 8] (n=61) 61 NS 
Proportions of 
metabolites in 





2-OH-NVP  11.2 [7.3 – 16.6] (n=40) 61 8.9 [6.6 – 14.0] (n=43) 63 NS 
3-OH-NVP  4.6 [3.4 - 6.3] (n=49) 42 6.1 [4.1 – 8.0] (n=57) 48 0.027 










2-OH-NVP  0.17 [0.10 – 0.24] (n=40) 63 0.13 [0.09 – 0.21] (n=43) 67 NS 
3-OH-NVP  0.06 [0.05 – 0.09] (n=51) 47 0.09 [0.05 – 0.13] (n=55) 52 0.024 
12-OH-NVP  1.2 [1.0 – 1.3] (n=58) 17 1.3 [1.1 – 1.5] (n=62) 24 0.013 
Abbreviations: 2-OH-NVP, 2-hydroxy-nevirapine; 3-OH-NVP, 3-hydroxy-nevirapine; 12-OH-NVP, 12-
hydroxy-nevirapine; CV, coefficient of variation; NS, not significant; NVP, nevirapine. Data are shown as 
median [IQR] and percentage. The statistical test employed was Mann-Whitney U test. Differences were 
considered significant if p< 0.05. Missing values correspond to patients for whom the metabolite 
concentration was not quantified or was below the lower limit of quantification for the method. 
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1.5. Discussion  
To the best of our knowledge this is the first study that investigated the intricate 
relations between NVP-induced modulation of HDL functionality and NVP 
biotransformation. The results reported herein support that NVP treatment has an 
overall positive impact in the modulation of several aspects of HDL functionality. 
Moreover, this study shows for the first time that NVP biotransformation may impact 
the modulation of HDL quality. 
In the prospective study it was demonstrated an improvement in HDL functionality 
among patients starting NVP-based cART. However, the modulation of different aspects 
of HDL function varied along time (Figure 13): the decrease in anti-HDL antibodies was 
the earliest event, followed by a mid-late increase in HDL-cholesterol. The delayed 
events observed in the prospective analysis were the decrease in anti-ApoA1 antibodies 
and the increases in ApoA1 and PON-1 AREase and LACase activities. Interestingly, it was 
reported that NVP metabolite profile changes over time, from the administration of 200 
mg NVP once daily to the steady-state 400 mg NVP dose (Fan-Havard et al., 2013). In 
fact, the 2-OH-NVP metabolite is predominant only in an early phase, while in the 
steady-state there is a decrease in the levels of 2-OH-NVP and the concomitant increase 
in 3-OH-NVP levels (Fan-Havard et al., 2013). This switch in NVP phase I metabolites is 
in accordance with the metabolite profile reported in our study, in which NVP plasma 
concentration in the steady-state is strongly associated with high levels of 3-OH-NVP (cf. 
Section 1.4.2.5). Moreover, this early predominance of 2-OH-NVP and the early decrease 
in the levels of anti-HDL antibodies, observed in the prospective study, are also 
consistent with our observation of the 2-OH-NVP proportion in plasma being associated 
with low levels of anti-HDL antibodies (cf. Section 1.4.2.5), suggesting that NVP 
biotransformation might affect the modulation of HDL functionality.  
The switch in NVP metabolite profile towards higher formation of 3-OH-NVP might be 
mediated through CAR activation. It is known that NVP is a CAR agonist (Faucette et al., 
2006), being able to induce CYP2B6 through CAR activation (Erickson et al., 1999; 
Faucette et al., 2006) and CYP2B6 is the only CYP450 isoform involved in the formation 
of 3-OH-NVP (Erickson et al., 1999). 
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Figure 13 Schematic representation of the interplay between nevirapine metabolism and high density lipoprotein 
modulation. The modulation of different aspects of high density lipoprotein (HDL) functionality in patients starting 
nevirapine (NVP) treatment varies along time. The decrease in anti-HDL antibodies was the earliest event observed, 
followed by increases in HDL-cholesterol. The later events were the decrease in anti-apolipoprotein A1 (ApoA1) 
antibodies and the increases in ApoA1, arylesterase (AREase) and lactonase (LACase) activities of paraoxonase-1 
(PON-1) enzyme. NVP metabolite profile also changes over time, from the administration of 200 mg NVP once daily to 
the steady-state 400 mg NVP dose. The 2-hydroxy-nevirapine (2-OH-NVP) metabolite is predominant in an early phase, 
while in the steady-state there is a decrease in the levels of 2-OH-NVP and the concomitant increase in 3-hydroxy-
nevirapine (3-OH-NVP) levels (Fan-Havard et al., 2013). This early predominance of 2-OH-NVP is coincident with the 
early decrease in the levels of anti-HDL antibodies. The switch in NVP metabolite profile might be mediated via 
constitutive androstane receptor (CAR) activation. It is known that NVP induces CYP2B6, the only CYP450 isoform 
involved in 3-OH-NVP formation, through CAR activation (Erickson et al., 1999; Faucette et al., 2006). Moreover, CAR 
activation promotes the induction of several hepatic sulfotransferases (SULTs), then promoting the sulfoconjugation 
of NVP metabolites (Alnouti and Klaassen, 2008; Sharma et al., 2013; Pinheiro et al., 2017), therefore decreasing the 
plasma levels of unconjugated 2-OH-NVP. This assumption implies that NVP could not be directly responsible for the 
modulation of HDL functionality, as CAR activation leads to decreased levels of ApoA1 and PON-1 (Masson et al., 2008; 
Cheng and Klaassen, 2012; Naik et al., 2013). ApoA1 and PON-1 modulation probably occur only when there is enough 
accumulation of a NVP metabolite(s), with a more lipid-friendly profile than NVP. 
 
Furthermore, CAR activation promotes the induction of several hepatic SULTs (Alnouti 
and Klaassen, 2008), that can promote the sulfoconjugation of 2-OH-NVP (Pinheiro et 
al., 2017) and 12-OH-NVP (Sharma et al., 2013; Pinheiro et al., 2017), therefore 
decreasing the plasma levels of free unconjugated metabolites. As NVP is also an inducer 
of CYP3A4, besides CYP2B6, via CAR activation (Faucette et al., 2006), increased 
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formation of 2-OH-NVP is expected as well, through CYP3A4 pathway (Erickson et al., 
1999). Therefore, it is probable that increased sulfoconjugation of 2-OH-NVP is 
underlying the decrease in the levels of this metabolite, as reported by Fan-Havard and 
collaborators (2013). Thus, the 3-OH-NVP increase and the 2-OH-NVP decrease in the 
steady-state seems to be consistent with CAR activation induced by chronic NVP 
treatment (Figure 13). However, NVP might not be directly responsible for the 
modulation of HDL functionality, since CAR activation leads to decreased transcription 
of ApoA1 (Masson et al., 2008; Naik et al., 2013) and PON-1 (Cheng and Klaassen, 2012) 
and decreased levels of HDL-cholesterol (Masson et al., 2008; Naik et al., 2013). This 
assumption points towards a later modulatory effect on HDL, when there is enough 
accumulation of a NVP metabolite(s), with a more lipid-friendly profile than NVP (Figure 
13). 
In accordance with the observations of the prospective study, patients under chronic 
NVP treatment showed a better lipid profile and HDL function in the cross-sectional 
analysis. NVP treatment was associated with higher levels of HDL-cholesterol and 
ApoA1, lower levels of anti-HDL and anti-ApoA1 antibodies, as well as higher PON-1 
activities. These observations are particularly relevant considering the impact of HDL-
cholesterol levels and HDL function on atheroprotection. For instance, it was classically 
demonstrated the association between HDL-cholesterol levels and the prevention of 
cardiovascular events, in which an increase of only 1 mg/dL in HDL-cholesterol 
corresponds to a decrease of 2-3% in the risk of coronary heart disease, depending on 
the sex of the patient (Gordon et al., 1989). Moreover, the upregulation of ApoA1 was 
recently recognised as the most promising approach to improve HDL function and for 
the long-term prevention of atherosclerosis (Gadkar et al., 2016). Regarding the 
functionality of HDL particles, it is important to consider the role of auto-antibodies 
towards HDL and HDL components. For instance, the generation of anti-HDL and anti-
ApoA1 antibodies has been recognised as strongly pro-atherogenic and pro-
inflammatory, as these antibodies are able to induce inflammatory pathways upon 
interaction with Toll-like receptor (TLR)2 and TLR4 (Chistiakov et al., 2016). In fact, the 
generation of functional non-immunogenic ApoA1 molecules, able to act as a lipid-
acceptor protein, and therefore being able to effectively promote reverse cholesterol 
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transport and consequently increase HDL-cholesterol levels, is regarded as an important 
atheroprotective factor (Schreier et al., 1999; Jian et al., 2013; Huang et al., 2014; Li et 
al., 2014; Sung et al., 2015; Rhee et al., 2017).  
Interestingly, when considering separated groups of patients, according to their sex and 
treatment status, the sex-dependent differences were clear. Women on NVP treatment 
presented the highest blood levels of both HDL-cholesterol and ApoA1. Sex dimorphism 
in the lipoprotein levels, particularly in HDL and ApoA1 but also extending to other lipid 
parameters has been reported for non-HIV infected individuals (Ordovas et al., 2002). 
This sex-dependent effect can be mechanistically explained by the upregulation of 
hepatic ApoA1 promoted by the activation of oestrogen receptor α (ERα)-related 
intracellular pathways in women (Lamon-Fava et al., 1999; Kajinami et al., 2005). 
Another 1st line NNRTI, EFV, directly binds to ERα (Sikora et al., 2010). EFV and NVP share 
many pharmacological features: both NNRTIs are potent CAR activators (Faucette et al., 
2006; Byakika-Kibwika et al., 2012) and both drugs are able to increase HDL-cholesterol 
levels and improve HDL antioxidant properties (Pereira et al., 2006, 2009). Interestingly, 
the induction of hepatic CYP3A4 and CYP2B6 can also be achieved through ERα-
mediated signalling (Choi et al., 2013). However, if NVP or a NVP metabolite could 
activate ERα in the liver remains unknown. Nevertheless, ERα-mediated hepatic 
signalling is a relevant mechanism underlying the effect of sex on HDL and ApoA1 levels 
(Lamon-Fava et al., 1999; Kajinami et al., 2005) and cross-talk between CAR and ERα 
must be considered (Kawamoto et al., 2000; Min et al., 2002). Additionally, sex 
differences in biotransformation, such as the female-predominant expression of hepatic 
SULTs and PAPS (Alnouti and Klaassen, 2006, 2011), can also contribute to this effect in 
NVP-treated women.  
In addition to sex, other factors might have a relevant impact on patient’s lipid profile 
and HDL. For instance, the HIV viral load can contribute to lower levels of HDL-
cholesterol (El-Sadr et al., 2005). Accordingly, in the current work HIV viral load was 
negatively associated with levels of HDL-cholesterol. Sex differences were also observed 
for the HIV-1 viral load in cART naïve patients, being the plasma levels of HIV-1 RNA 
significantly higher among men. This observation is in accordance with other studies 
reporting lower viral loads in female patients at earlier stages of HIV infection (Gandhi 
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et al., 2002; Donnelly et al., 2005). It is recognised the deleterious effect of the HIV 
infection on the lipid profile of seropositive individuals, and its association with higher 
levels of triglycerides and lower levels of both HDL- and LDL-cholesterol (El-Sadr et al., 
2005). This HIV-associated pro-atherogenic profile is probably caused by virus-induced 
immune activation and chronic inflammation (Hsue et al., 2009; Bryant et al., 2016), 
being the C3 component of the complement cascade a possible player in this effect 
(Bryant et al., 2016). In the current study HIV-1 viral load was not correlated with the 
end-points reflecting HDL functionality (ApoA1, anti-HDL and anti-ApoA1 antibodies and 
PON-1 activities). Importantly, the naïve patients included in our study were left 
untreated for HIV due to their early stage of infection, immunological status (median 
CD4+ cells/mm3 was 483) and absence of HIV/AIDS-related symptoms. It is described 
that more dramatic changes in lipid profile and HDL-cholesterol levels are associated 
with disease progression (Ogunro et al., 2008). Also, increased formation of anti-ApoA1 
antibodies is more frequently observed in advanced stages of HIV infection (Satta et al., 
2017). Furthermore, here we have demonstrated that NVP-induced modulation of PON-
1 and anti-HDL antibodies is a drug-specific effect, not observed on patients treated with 
PIs or EFV (cf. Section 1.4.2.4). Accordingly, in a study conducted with uninfected 
newborns receiving NVP treatment for HIV prophylaxis, it was demonstrated that NVP 
modulatory effect on HDL-cholesterol and ApoA1 is independent of viral replication 
control (Sankatsing et al., 2007); likewise NVP maintains its lipid-friendly and ApoA1 
booster properties in HIV-1-infected adults with suppressed viral load (Franssen et al., 
2009).  
Moreover, considering that in our cross-sectional study NVP-treated patients were 
significantly older than naïve patients, the results presented herein are even more 
significant from a clinical point of view, as NVP treatment was associated with a positive 
modulation of HDL in an older population. 
Besides HDL-cholesterol and ApoA1, the pharmacological modulation of PON-1 activities 
can also reduce the atherosclerotic risk (Sena et al., 2013). PON-1 is a circulating enzyme 
that is associated to HDL particles; this enzyme presents essential anti-atherosclerotic 
and antioxidant properties (Soran et al., 2015; Chistiakov et al., 2016; Sun et al., 2017). 
While PON-1 POase activity is mainly involved in xenobiotics detoxification (Costa et al., 
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2005; Valiyaveettil et al., 2012; Bigley and Raushel, 2013; Karlsson et al., 2015), its 
AREase activity is involved in detoxifying lipid peroxides and limiting the levels of such 
peroxides in the atherosclerotic lesion (Mackness et al., 1993; Aviram et al., 2000; Mehdi 
and Rizvi, 2012; Kunutsor et al., 2016). On its turn, PON-1 LACase activity, the native 
activity of this enzyme, is involved in homocysteine-thiolactone detoxification, avoiding 
protein N-homocysteinylation (Jakubowski, 2000; Perła-Kaján and Jakubowski, 2012), 
that has been linked to cardiovascular and degenerative diseases (Jakubowski, 2006; 
Lakshman et al., 2006; Kamila et al., 2012; Khodadadi et al., 2012; Sharma et al., 2015). 
Additionally, PON-1 LACase activity can hydrolyse oxidised metabolites of 
polyunsaturated fatty acids and acyl homoserine lactones (Draganov et al., 2005; 
Manolescu, 2013). In the current study, the proportions of 2-, 3- and 12-OH-NVP were 
associated with lower PON-1 LACase activity (cf. Section 1.4.2.5), which can be a reason 
for lower LACase activity among patients chronically treated with NVP, compared to the 
much higher POase and AREase activities (cf. Table 7). This observation might result from 
an in vivo interaction between metabolites or other factors, such as inflammation, 
oxidative stress or viral infection, that can be deleterious to this specific activity (Nguyen 
et al., 2009). Besides, PON-1 activities can be affected by many other factors, such as 
polymorphisms and ethnicity (Draganov and La Du, 2004; Davis et al., 2009; Pereira et 
al., 2009; Woudberg et al., 2016), exposure to xenobiotics (Pereira et al., 2009; Kim et 
al., 2013; Pastryk et al., 2016), HIV infection (Daminelli et al., 2008; Dias et al., 2014a; 
Maselli et al., 2014), sex and circulating levels of sex hormones (Sutherland et al., 2001; 
Žitňanová et al., 2011; Schrader et al., 2012) and also by age (Rainwater et al., 2009). For 
instance, uncontrolled HIV-1 infection has been associated with lower PON-1 POase 
(Daminelli et al., 2008; Maselli et al., 2014) and LACase activities (Dias et al., 2014a). 
However, HIV treatment with some PIs (eg. ritonavir, atazanavir, saquinavir) can have 
an extremely deleterious impact on PON-1 activities, that can even surpass the effect of 
HIV infection itself (Daminelli et al., 2008; Pastryk et al., 2016), while HIV treatment with 
the NNRTI EFV can positively modulate PON-1 (Pereira et al., 2009). Regarding the effect 
of sex hormones, the activation of oestrogen receptors seems to partially mediate PON-
1 upregulation in hepatic cells (Schrader et al., 2012) and hormone-replacement therapy 
with conjugated oestrogen and medroxyprogesterone acetate significantly increased 
PON-1 AREase activity in post-menopausal women (Sutherland et al., 2001) while 
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perimenopausal status was associated with decreased AREase and LACase activities 
(Žitňanová et al., 2011). Thus, a possible explanation for the sex differences on PON-1 
AREase activity among naïve patients, observed in the present study, might be the 
combined effect of discrepant viral loads observed between men and women and the 
impact of sex hormones. Ethnicity is another factor that can impact PON-1 activities at 
some extent, with Caucasian individuals presenting lower PON-1 POase activity (Pereira 
et al., 2009; Woudberg et al., 2016) and slightly higher PON-1 AREase activity (Davis et 
al., 2009) than Black race individuals. In spite of this evidence, race is probably not a 
factor affecting the observations presented in the current work, since there were no 
differences in the ethnic composition of naïve and NVP-treated groups in the cross-
sectional study. Age is reported to have a negative impact in all three PON-1 activities 
(Rainwater et al., 2009), therefore, considering the older age of NVP-treated patients in 
the present study, the modulation of PON-1 activities by chronic NVP treatment is even 
more relevant. Moreover, the formation of auto-antibodies against the HDL particle or 
against HDL components is also another factor that can negatively affect PON-1 
activities and HDL antioxidant properties, as reported for the anti-HDL and anti-ApoA1 
antibodies on PON-1 POase activity (Batuca et al., 2007, 2016).  
In conclusion, we have demonstrated that NVP treatment is able to beneficially 
modulate several aspects of HDL functionality and that NVP biotransformation seems to 
be a factor in this NVP-induced effect. Here we provide evidence that NVP can be a 
suitable starting point for the development of an HDL booster molecule. The main 
downside of NVP is its association with idiosyncratic toxic reactions, which is mainly 
dependent on SULTs-mediated bioactivation of 12-OH-NVP (Antunes et al., 2008, 2010a, 
2010b; Caixas et al., 2012; Sharma et al., 2013; Marinho et al., 2014c; Pinheiro et al., 
2017), although other metabolic pathways may be involved in NVP toxicity (Antunes et 
al., 2011). Even though, NVP metabolites can be useful for the rational design of new 






CHAPTER 2. NEVIRAPINE MODULATION OF PARAOXONASE-1 IN 



































NVP is associated with severe hepatotoxicity, through the formation of reactive 
metabolites. PON-1 is a promiscuous enzyme involved in the metabolism of xeno- and 
endobiotics and proposed as a biomarker of hepatotoxicity. The aim of this work was to 
explore the effects of NVP and its phase I metabolites, 2-OH-NVP and 12-OH-NVP, on 
PON-1 activities. 2D and 3D primary cultures of rat hepatocytes, and also HepG2 2D cell 
cultures, were exposed to NVP, 2-OH-NVP and 12-OH-NVP. The POase, AREase and 
LACase activities of PON-1 were quantified. Effects of NVP and its metabolites were only 
observed in the 3D cell model. Both NVP and 12-OH-NVP increased POase (p< 0.05, p< 
0.01) and LACase activities (p< 0.05, p< 0.001). The AREase activity was increased only 
upon 12-OH-NVP exposure (p< 0.01). These modulatory effects were observed at 
300μM concentrations of NVP and 12-OH-NVP. The formation of 12-OH-NVP seems to 
be the main factor responsible for the increase of PON-1 activities induced by NVP 
exposure. This effect was only observed in the 3D model, suggesting that an in vivo-like 
system is necessary for this modulation to occur. The present data suggest that the 3D 
model is a more suitable in vitro model than the conventional ones to explore drug 
effects on PON-1.  
 
2.2. Objectives 
The objectives of the work described in the current Chapter were to explore the effects 
of NVP and its major phase I metabolites on PON-1 activities in three in vitro models of 
hepatocytes, and evaluate the contribution of biotransformation to PON-1 modulation 
induced by NVP.  
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2.3. Material and methods  
2.3.1. Chemicals and reagents 
NVP was purchased from Cipla (Mumbai, India). The NVP metabolites, 12-OH-NVP and 
2-OH-NVP, were synthesized as described (Antunes et al., 2008; 2011). All other 
reagents were purchased from Sigma-Aldrich (Madrid, Spain) and used as received, 
unless stated otherwise.  
 
2.3.2. Animal welfare and ethical statements  
Female Wistar rats obtained from NOVA Medical School were used for the isolation of 
hepatocytes. All experiments involving rats were performed in agreement with the Basel 
Declaration, and according to the European Commission legislation on the protection 
and welfare of animals used for scientific purposes (Directive 2010/63/EU). All 
procedures involving animals received prior approval by the Ethics Committee of NOVA 
Medical School (reference number: 05/2013/CEFCM) and the National Authority 
(Direcção Geral de Alimentação e Veterinária, reference number: 0421/000/000/2013). 
The removal of hepatic tissue was conducted as humanely as possible, with the animals 
kept under anaesthesia.  
 
2.3.3. 2D and 3D primary cultures of rat hepatocytes  
Female Wistar rats, three to six months old (200–400 g), were kept in individual cages 
for at least 24 h prior to each experiment, with ad libitum access to food and water. Rat 
hepatocytes were isolated using a two-step perfusion-based collagenase method as 
previously described (Miranda et al., 2009). Briefly, the rats were anaesthetized with an 
intraperitoneal injection of an aqueous ketamine (90 mg/Kg body weight) and xylazine 
(10 mg/Kg body weight) solution (100 μL/Kg body weight). The liver was perfused via 
the vena portae for 10 min at 39 ˚C with perfusion buffer I (140 mM sodium chloride, 
6.7 mM potassium chloride, and 10 mM HEPES), adjusted to pH 7.5 with 2.4 M ethylene 
glycol tetraacetic acid. Subsequently, perfusion was continued at 39 ˚C for 7 min with a 
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collagenase buffer, consisting of 0.2 mg/mL collagenase P in 67 mM sodium chloride, 
6.7 mM potassium chloride, 100 mM HEPES, albumin (0.5% m/v) and 4.8 mM CaCl2·2H2O 
solution, adjusted to pH 7.6. The flow rate of the perfusion buffers was 10 mL/min. After 
perfusion, the liver was removed and dissociated in cold perfusion buffer I with 10 g/L 
of albumin. For enrichment of the final hepatocyte population, an additional Percoll® 
step was included by layering 5 mL of cell suspension over a 25% Percoll® (GE 
Healthcare, Little Chalfont, UK) solution. After centrifuging at 1300 g and 4 ˚C for 20 min, 
hepatocytes were obtained as a pellet. The Percoll® solution was removed by washing 
with PBS and the viability of the isolated hepatocytes was assessed by trypan blue 
exclusion; values within an 85–95% range were routinely obtained. To prepare 2D 
hepatocyte cultures 300000 cells/well were inoculated onto rat tail collagen-precoated 
24-well culture plates in 0.5 mL of William's E medium supplemented with 10% (v/v) 
FBS, 1 mM sodium pyruvate, 1% (v/v) NEAAs 100 × solution, 40 μg/mL gentamicin, 100 
U/mL penicillin, 100 μg/mL streptomycin, 100 μg/mL amphotericin, 1.4 μM 
hydrocortisone, 15 mM HEPES, 0.3 mg/mL glutamine and 32 U/mL human insulin, 
designated as complete culture medium. Cell cultures were kept at 37 ˚C in a humidified 
atmosphere of 5% CO2 in air. The culture medium was renewed every 24 h, and the cells 
were routinely examined under phase contrast microscopy before each culture medium 
renewal. The supernatants and cells were collected at day 4 and stored at −80 ˚C until 
subsequent assays. 3D hepatocyte spheroid cultures were performed in 125 mL spinner 
vessels as previously optimized (Miranda et al., 2009). Briefly, cells were cultured in 
complete culture medium at a cell density of 120000 cells/mL. Spinner vessels were 
maintained at 80 rpm on a magnetic stirrer, and kept at 37 ˚C in a humidified 
atmosphere of 5% CO2 in air. The supernatants and cells were collected and stored at 
−80 ˚C until subsequent assays. 
 
2.3.4. HepG2 cell cultures 
HepG2 cells (ATCC® HB-8065™) were cultured in monolayer (2D) in 5 mL of alpha-
minimum essential medium supplemented with 10% (v/v) FBS, 1% (v/v) NEAAs 100× 
solution and 1 mM sodium pyruvate, inoculated at a density of 20000 cells/cm2 in 25 
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cm2 culture flasks. HepG2 cell cultures were kept at 37 ˚C in a humidified atmosphere of 
5% CO2 in air. The supernatants and cells were collected at day 4 and stored at −80 ˚C 
for subsequent assays.  
 
2.3.5. Incubation with nevirapine and phase I nevirapine metabolites  
2D (HepG2 cells and rat hepatocytes) and 3D rat hepatocyte cultures were exposed to 
300 μM NVP, 2-OH-NVP and 12-OH-NVP, for 4 days at 37 ˚C in a humidified atmosphere 
of 5% CO2 in air. The compounds were administered in DMSO solution and the final 
DMSO concentration in cultures was 0.33% (v/v). The NVP concentration used in the 
experiments was based on the recommend oral dose of 400 mg once-daily for adult HIV-
infected patients, divided by the volume of the vascular compartment of a 70 Kg adult 
(approximately 5 L). The concentration (300 μM) of each test compound (NVP, 2-OH-
NVP and 12-OH-NVP) used in the experiments was sub-lethal, based on death curves of 
both HepG2 and primary hepatocytes (data not shown) and in accordance with other 
similar experiments performed with NVP (Mangiacasale et al., 2003; Pittoggi et al., 2008; 
Thein et al., 2014). The culture media from 2D primary rat hepatocyte cultures were 
totally replaced daily, while there was no medium replacement in 3D cultures during the 
4-day experiment. HepG2 cells were also exposed to NVP, 2-OH-NVP and 12-OH-NVP to 
a final concentration of 300 μM. NVP and its metabolites were dissolved in DMSO, as 
described above. The cells were exposed to each compound for 4 days at 37 ˚C, in a 
humidified atmosphere of 5% CO2 in air. In parallel, all cultures were incubated for 4 
days with 0.33% DMSO that served as control.  
 
2.3.6. Cytochrome P450 activity measurement 
The EROD assay was performed in 2D and 3D rat hepatocyte cultures exposed to NVP, 
2-OH-NVP and 12-OH-NVP (300 μM) for 4 days, as previously described (Donato et al., 
1993), in order to measure the activity of CYP1A1/1A2 isozymes (Wilkening et al., 2003) 
as an indicator of metabolic competence of the different cell culture systems. Briefly, 
the procedure consisted on cell incubations with 8 mM 7-ethoxyresorufin in culture 
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medium for 90 min. The concentration of the product, 7-hydroxyresorufin, was 
measured in the supernatants after 2 h of enzymatic digestion with β-glucuronidase and 
arylsulfatase. The quantification was performed on the basis of fluorescence 
measurements (λexc: 530 nm; λem: 590 nm), using a calibration curve of resorufin in 
culture medium.  
 
2.3.7. Medium collection and diafiltration 
At day 4 of incubation with the test compounds, the cell culture supernatant was 
collected and centrifuged at 200 g for 5 min at 4 ˚C to remove cellular debris. In order 
to remove phenol red, which might interfere with the determination of PON-1 activities, 
diafiltration of the total cell culture supernatants against PBS was performed using 
Amicon® Ultra-4 centrifugal filter 10000 MWCO tubes (Merck Millipore, Billerica, USA) 
at 2000 g and 4 ˚C. After diafiltration, the supernatants of cell cultures were 
concentrated five-fold using the above mentioned 10000 MWCO devices and the 
concentrated (upper) fraction was used for PON-1 activity assays.  
 
2.3.8. Paraoxonase-1 paraoxonase activity 
The POase activity was assessed through quantification of p-nitrophenol formation from 
paraoxon, as previously described by Batuca and collaborators (2007). Briefly, freshly 
prepared paraoxon (1.0 mM) in 290 μL of 50 mM glycine buffer containing 1 mM CaCl2 
(pH 10.5) was incubated with 10 μL of sample, at 37 ˚C, for 10 min, in 96 well plates. p-
Nitrophenol formation was monitored at 412 nm on a microplate reader (Biotrack II 
plate reader, Amersham Biosciences). The POase activity (mU·mL−1) was normalised by 
intracellular protein level.  
 
2.3.9. Paraoxonase-1 arylesterase activity  
The AREase activity was assessed by monitoring the extent of phenyl acetate hydrolysis 
into phenol and acetic acid (Figure 9), using a spectrophotometric method as previously 
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described by Dias and collaborators (2014b). Briefly, 10 μL of cell culture medium 
samples, or 10 μL of the standards, were diluted in the proportion of 1:2 in NaCl 0.9%. 
After 10 min of incubation at 37 ˚C, freshly prepared HEPES buffer (190 μL, 2 mM, pH 8), 
containing CaCl2 (1 mM), BSA (0.005%), phenol red (106 μM) and phenyl acetate (5 mM), 
was added to each well. The absorbance was monitored at 405 nm. The AREase activity 
was obtained from the calibration curve and normalised using intracellular protein 
levels. 
 
2.3.10. Paraoxonase-1 lactonase activity  
The LACase activity was assessed by measuring the production of 3-(o-hydroxyphenyl) 
propionic acid from hydrolysis of the PON-1 substrate, dihydrocoumarin (Figure 9), using 
a spectrophotometric assay adapted to a 96-well microplate, as described by Dias and 
collaborators (2014a). Briefly, 10 μL of cell culture medium samples, or 10 μL of the 
standards, were diluted in the proportion of 1:2 in NaCl 0.9% and incubated for 10 min, 
at 37 ˚C. Then, freshly prepared HEPES buffer (190 μL, 2.0 mM, at pH 8.0) containing 
CaCl2 (1.0 mM), BSA (0.005%), phenol red (106 μM) and dihydrocoumarin (1.0 mM) was 
added to each well. After 1 min of incubation at room temperature, the absorbance was 
measured at 405 nm. The activity was obtained from the calibration curve and 
normalised using intracellular protein levels.  
 
2.3.11. Protein quantification 
Culture biomass within 2D and 3D cultures was evaluated by quantification of total 
protein, as previously described (Santos et al., 2015). Briefly, after lysis of the cell pellet 
with 100 mM NaOH at 37 ˚C for 24 h, total protein was quantified using the BCA protein 
assay kit (Novagen, San Diego, CA, USA) according to manufacturer's specifications, by 
measuring absorbance at 280 nm (Micro-Drop LVis Plate, BMG Labtech, Germany) and 
using a suitable calibration curve. The total protein quantification was used to normalise 
the enzyme activities.  
 
 Chapter 2 
78 
 
2.3.12. Data analysis and statistical procedures  
Statistical analyses were performed using GraphPad®Prism version 5.0 (GraphPad 
Software Inc., La Jolla, CA, USA). The data were normalised by the amount of total 
protein in each sample. EROD activity was expressed relatively to control (DMSO 0.33%). 
The results are presented as the mean ± SEM of 5 replicates. The data were analysed by 
two-way ANOVA, except for comparisons of basal activities between the different model 






















2.4.1. Ethoxyresorufin-O-deethylase activity was induced in the 3D culture model  
Hepatic drug biotransformation is mostly the result of phase I and II enzymatic reactions. 
EROD activity assays that measure primarily CYP1A1 and 1A2 activities (Chang and 
Waxman, 2005) and to some extent, CYP2B activity (Jeong et al., 2004) were used to 
evaluate the metabolic competence of the 2D and 3D primary hepatocyte cultures and 
to disclose the influence, if any, of NVP, 2-OH-NVP and 12-OH-NVP on phase I enzymatic 
activity modulation in these systems. EROD activity (Figure 14) was detected in all 
instances and was induced in the 3D, but not in the 2D, cultures in the presence of all 
test compounds. The extent of EROD induction by NVP was 1.4-fold (p< 0.05, two-way 
ANOVA) and ca. 1.6-fold by both 2- and 12-OH-NVP (p< 0.05, two-way ANOVA), when 












Figure 14 Ethoxyresorufin-O-deethylase activity expressed relatively to control in 2D and 3D 
rat hepatocyte cultures after treatment with nevirapine and its metabolites. Ethoxyresorufin-
O-deethylase (EROD) activity expressed relatively to the control [0.33% (v/v) dimethyl sulfoxide, 
DMSO] in 2D and 3D rat hepatocyte primary cultures after 4 days of treatment with nevirapine 
(NVP), 2-hydroxy-nevirapine (2-OH-NVP) and 12-hydroxy-nevirapine (12-OH-NVP) (n=5; *p< 
0.05, **p< 0.01, two-way ANOVA). 
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2.4.2. Paraoxonase-1 activities were modulated by nevirapine and 12-hydroxy-
nevirapine in the 3D spheroid model  
In this study PON-1 activities (POase, AREase and LACase) were assessed in both 2D and 
3D rat hepatocyte cultures, as well as in HepG2 monolayer cell cultures exposed to NVP, 
2-OH-NVP and 12-OH-NVP at 300 μM (Figure 15). The analyses were performed at day 
4 of culture, when no decrease in cell viability was observed in any of the treated 
cultures (data not shown). The constitutive POase and AREase activities were found to 
be similar among groups, whereas the basal LACase activity was higher in the 2D model 
compared to the HepG2 system (p= 0.033, one-way ANOVA). Interestingly, as shown in 
Figure 15 Panel A, an increased POase activity compared to the control (two-way 
ANOVA) was only observed in 3D rat hepatocyte cultures treated with NVP (0.056 ± 
0.012 mU/mg protein; p< 0.05) and 12-OH-NVP (0.074 ± 0.012 mU/mg protein; p< 0.01). 
Treatment with 2-OH-NVP had no effect, and neither the HepG2 nor the 2D rat 
hepatocyte model systems displayed POase activities above background upon exposure 
to any of the test compounds. Likewise, NVP and its metabolites had no significant effect 
on LACase activity in the 2D hepatocyte model and the HepG2 cells, while a significant 
increase was observed in the 3D spheroid model (Figure 15, Panel B, two-way ANOVA). 
Herein, a higher LACase activity was observed both in the presence of NVP (0.049 ± 0.010 
U/mg; p< 0.05) and 12-OH-NVP (0.066 ± 0.003 U/mg; p< 0.001) but, again, 2-OH-NVP 
had no effect. Concerning the AREase activity (Figure 15, Panel C), both 2-OH-NVP and 
12-OH-NVP led to an increasing activity trend in the 3D hepatocyte model when 
compared to the control. However, such difference was only statistically significant for 
12-OH-NVP (0.118 ± 0.012 U/mg; p< 0.01). On the contrary, no alterations in PON-1 
AREase activity were observed in HepG2 cells or in 2D hepatocyte primary cultures upon 






































Figure 15 Paraoxonase-1 activities in HepG2 cells, 2D and 3D rat hepatocyte cultures after incubation with nevirapine and its metabolites. 
Paraoxonase-1 (PON-1) activities assessed in HepG2 cells, 2D and 3D rat hepatocyte cultures after 4 days of incubation with nevirapine (NVP), 2-
hydroxy-nevirapine (2-OH-NVP), 12-hydroxy-nevirapine (12-OH-NVP) (300 μM), and dimethyl sulfoxide (DMSO, 0.33% v/v, control). (A) 
Paraoxonase (POase, mU/mg protein), (B) lactonase (LACase, U/mg protein) and (C) arylesterase (AREase, U/mg protein) activities. Data are 
presented as the mean ± SEM (n=5). Two-way ANOVA, *p< 0.05, **p< 0.01, ***p< 0.001, was used for comparisons between test compounds and 
control. 
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2.5. Discussion  
 
In the present study, we investigated the effect of NVP and its phase I metabolites, 12-
OH-NVP and 2-OH-NVP, on PON-1 POase, LACase and AREase activities using three 
different model systems, specifically HepG2 monolayer cell cultures, 2D and 3D rat 
hepatocyte cultures. We demonstrate herein that NVP and 12-OH-NVP increased POase 
and LACase activities, while 12-OH-NVP increased AREase activity when tested in the 3D 
rat hepatocyte model (Figure 16). It is important to note that, in all the three in vitro 
models, hepatocytes were exposed to a NVP concentration higher than the plasma 
concentrations observed in patients taking the drug. In fact, the steady-state plasma 
concentrations of NVP in these patients vary from 4 μM to 96 μM (Dickinson et al., 
2014). However, the liver first-pass effect of this orally taken antiretroviral must be also 
taken into consideration. The liver tissue is exposed in vivo to a concentration of the 
drug much higher than the one measured in blood and available for distribution.  
Although, constitutive POase, LACase and AREase activities were detected in the three 
in vitro models tested, the modulation of the different activities by NVP and 12-OH-NVP 
was only observed in the 3D hepatocyte model. Moreover, the formation of 12-OH-NVP 
seems to be the main factor responsible for the increase of PON-1 activities induced by 
NVP exposure. To the best of our knowledge, the current work is the first demonstration 
of an effect of NVP and its phase I metabolite, 12-OH-NVP, on PON-1 activities.  
We were able to quantify the three PON-1 activities without drug exposure in all the in 
vitro models tested. The results indicated comparable levels for each activity in the three 
models (Figure 15), showing that PON-1 is constitutively secreted to a similar extent 
among models. The different enzymatic activities of PON-1 reflect its promiscuous 
nature and multiple physiological roles. The enzyme is involved in the metabolism of 
several xeno- and endobiotics. POase, the first activity to be discovered, is involved in 
the detoxification of environmental toxicants such as organophosphate derivatives and 
chemical warfare nerve agents (Valiyaveettil et al., 2012; Bigley and Raushel, 2013; 
Karlsson et al., 2015). Moreover, it has been considered as a marker of liver function 
(Camps et al., 2009; Hafez et al., 2014). The AREase activity is responsible for detoxifying 
lipoprotein-associated lipid peroxides (Aviram et al., 2000). Notably, the oxidised LDL 
has been indicated as a factor in early events of liver injury (Hammad et al., 2011). In 
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addition, the LACase activity is involved in protection from the deleterious effects of the 
toxic homocysteine metabolite, homocysteine-thiolactone, hence avoiding its 
accumulation and preventing homocysteine-thiolactone-induced apoptosis, 
endoplasmic reticulum stress and inflammation (Jakubowski, 1999). Homocysteine has 
also been reported as a biomarker of hepatotoxicity (Kubota et al., 2014). Furthermore, 
LACase activity has several other endogenous lactones substrates, such as 5,6-
dihydroxyeicosatrienoic acid-1,5 lactone (a vasodilator), 5-hydroxy-eicosatetraenoic 
acid lactone (5-HETEL) (an inhibitor of phospholipase A2 and cyclooxygenase), 6-iodo-5-
hydroxy-8,11,14-eicosatrienoic acid δ-lactone (an inhibitor of signal transduction 
pathways), or N-acyl homoserine lactones (involved in quorum sensing mechanisms) 
(Draganov and Teiber, 2008; Manolescu, 2013). For instance, 5-HETEL sensitises 
hepatocytes to tumour necrosis factor α-induced apoptosis and potentiates the 
apoptotic effects of drugs like actinomycin D (Martínez-Clemente et al., 2010).  
Described as superior to the classic models, 3D hepatocyte cultures, that mimic in vivo 
tissue and maintain metabolic functions, are a good alternative to conventional in vivo 
pharmacological and toxicological studies. We have previously confirmed the metabolic 
competence of this model for NVP biotransformation studies. In fact, contrary to 2D 
cultures in which this was not observed, rat hepatocyte 3D cultures exposed to NVP (300 
μM) yielded all known phase I NVP metabolites, at day 4, in the same relative 
proportions found in humans (Pinheiro et al., 2017). HepG2 cell lines, on the other hand, 
have been described as presenting important drawbacks regarding biotransformation 
ability and enzyme induction capacity. Accordingly, PON-1 modulation could only be 
observed in the 3D liver model in the present study, further emphasising that the 
selection of a relevant and competent in vitro model for mechanistic studies is crucial.  
Higher POase and LACase activities were detected as a consequence of exposure to NVP 
and 12-OH-NVP, but not 2-OH-NVP, whereas AREase activity was increased only in 12-
OH-NVP-treated cultures. A trend to higher activities upon exposure to 12-OH-NVP 
when compared to NVP-treated cultures was also observed, suggesting that 12-OH-NVP 
may have a role on PON-1 activity modulation, possibly as a result of phase II 
conjugation. These results are consistent with our previous demonstration that NVP 
biotransformation into 12-OH-NVP, as major metabolite, is quite efficient in the 3D rat 
hepatocyte model used herein (Marinho et al., 2014b).  
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PON-1 modulation by various drugs has been explored using different in vitro models 
and several mechanisms have been proposed to explain the observed effects. In 
particular, the activation of different transcription factors may underlie the induction of 
the PON-1 gene. For instance, PON-1 modulation by pitavastatin in a 2D culture of Huh7 
cells involved the sterol regulatory element-binding protein-2 and the Sp1 transcription 
factor (Arii et al., 2009). In addition, acetylsalicylic acid, which was able to increase PON-
1 expression and AREase activity in a 2D model of the HepG2 cell line and in primary rat 
hepatocytes, promotes PON-1 upregulation probably through the AhR (Jaichander et al., 
2008). Similarly, an AhR-dependent mechanism was also described for quercetin- 
(Gouedard et al., 2004a) and resveratrol- (Gouedard et al., 2004b) induced modulation 
of PON-1 in Huh7 cell line cultures. Other pathways also proposed to be implicated in 
PON-1 modulation are the activation of the c-Jun transcription factor (Cheng et al., 
2011), promoted by berberine in HepG2 cells, and the activation of the PPAR γ (Khateeb 
et al., 2010), caused by pomegranate polyphenols in the Huh7 cell line. Among the 
several pathways described above, the effect of NVP was only explored in PPAR γ 
expressed in human adipocyte precursor cells (Díaz-Delfín et al., 2011). NVP may 
promote the upregulation of PON-1 through a PPAR γ-dependent mechanism. 
Additionally, since NVP induces the CYP1A family and PON-1, involvement of the AhR 
receptor is also a possibility, as it is a target for induction by both enzymes (Guyot et al., 
2012). In fact, the EROD activity assay that reflects primarily the activity of the CYP1A 
family (Figure 14) showed enzyme induction upon exposure to NVP and its metabolites; 
notably, this effect was only observed in the 3D model. Nevertheless, further studies 
should be conducted to elucidate the exact pathways involved in NVP-induced PON-1 
modulation.  
Herein, by resorting to a 3D rat hepatocyte model, we were able to show that NVP and 
its main phase I metabolite, 12-OH-NVP, have the ability to modulate PON-1 activities 
(Figure 16). However, these modulatory effects were observed using concentrations 
higher than the plasma concentrations observed in HIV-infected patients. To the best of 
our knowledge this is the first time that the usefulness of the 3D hepatocyte model to 
assess the modulation of PON-1 activities by drugs is described. This system will allow 
to further explore the mechanisms underlying these effects, paving the way for other 
research opportunities. For instance, PON-1 has been implicated in the pathogenesis of 
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several diseases (Table 3) and its modulation has been suggested for therapeutic 
purposes. Also, this model should allow the study of drug-drug interactions, drug-





Figure 16 Effect of nevirapine and its metabolites in paraoxonase-1 activities in vitro. Nevirapine (NVP) and its main 
phase I metabolites, 2-hydroxy-nevirapine (2-OH-NVP) and 12-hydroxy-nevirapine (12-OH-NVP), were incubated in 
three different in vitro models of hepatocytes: 2D cultures of the HepG2 cell line, 2D cultures of rat hepatocytes and 
3D cultures of rat hepatocytes. The modulation of paraoxonase-1 (PON-1) activities was only possible in the metabolic 
competent 3D model. NVP was able to increase PON-1 paraoxonase (POase) and lactonase (LACase) activities, while 
the 12-OH-NVP metabolite was able to increase PON-1 POase, LACase and arylesterase (AREase) activities. The 
formation of the 12-OH-NVP metabolite seems to be the main factor in the modulation of PON-1 activities induced by 










CHAPTER 3. THE APOLIPOPROTEIN A1 BOOSTER EFFECTS OF 








































The apolipoprotein A1 booster effects of nevirapine are due to the modulatory 
properties of its metabolites 
 
3.1. Summary  
There has been a growing interest in drugs to boost HDL. The antiretroviral drug NVP 
has been associated with HDL-friendly properties due to increases in ApoA1, being this 
effect sex-dependent, as it is NVP biotransformation. We hypothesised that the effect 
on ApoA1 is due to one of NVP metabolites and not due to NVP itself. To clarify the 
relevance of NVP biotransformation on ApoA1 modulation, three in vitro models of 
hepatocytes were tested, to minimise the limitations inherent to each model. NVP and 
its main phase I metabolites, 2-OH-NVP and 12-OH-NVP, were incubated in two-
dimensional (2D) and 3D primary cultures of rat hepatocytes and 2D cultures of HepG2 
cells. In the 3D rat hepatocyte model, there was a significant increase of ApoA1 levels 
after 12 days of exposure: up to 43% for NVP and up to 86% for 2-OH-NVP incubation. 
The effects of NVP and 2-OH-NVP were only observed in the metabolically competent 
3D model, suggesting that biotransformation is crucial for the ApoA1 boosting effect. 
The delayed onset effects of 2-OH-NVP and the absence of effect in 2D models suggest 




The general aim of this Chapter was to clarify the effects of NVP and its major phase I 
metabolites, 2-OH-NVP and 12-OH-NVP, on ApoA1 levels in three in vitro models of 
hepatocytes, and investigate the individual contribution of each NVP metabolite and the 
contribution of NVP biotransformation to the modulatory effect of this antiretroviral on 





3.3. Material and methods 
3.3.1. Chemicals and reagents 
NVP was purchased from Cipla (Mumbai, India). The NVP metabolites, 2-OH-NVP and 
12-OH-NVP, were synthesized as described elsewhere (Antunes et al., 2008; 2011). All 
the other chemicals and reagents were obtained from Sigma-Aldrich (Madrid, Spain). 
 
3.3.2. Animal welfare 
All the procedures involving animals were performed in agreement with the Directive 
2010/63/EU, which regulates the use of animals for scientific purposes in the European 
Union, and also in agreement with the Basel Declaration. All the experiments involving 
rats received prior approval by the competent National Authority (Direcção Geral de 
Alimentação e Veterinária, DGAV, reference number: 0421/000/000/2013) and by the 
Ethics Committee of NOVA Medical School (reference number: 05/2013/CEFCM).  
Female Wistar rats obtained from the animal facility of NOVA Medical School were used 
for the isolation of primary hepatocytes. The removal of hepatic tissue was performed 
as humanely as possible with the rats kept under anaesthesia during all the process. The 
general anaesthesia was administered by intraperitoneal injection (100 μL/Kg body 
weight); the anaesthetics used were ketamine (90 mg/Kg body weight) and xylazine (10 
mg/Kg body weight).  
 
3.3.3. 2D and 3D primary cultures of rat hepatocytes 
Female Wistar rats, three to six months old (200 – 400 g), were kept in individual cages 
for at least 24 hours prior to each experiment with unrestricted access to fresh water 
and food. Rat hepatocytes were isolated using a two-step perfusion–based collagenase 
method as previously described (Miranda et al., 2009). To prepare 2D rat hepatocyte 
primary cultures, 300000 hepatocytes/well were inoculated onto rat tail collagen-
precoated 24-well culture plates in 0.5 mL of complete culture medium, which is 




sodium pyruvate, 15 mM HEPES, 1% (v/v) non-essential amino acids (NEAA) 100x 
solution, 1.4 μM hydrocortisone, 32 U/mL human insulin, 10% (v/v) foetal bovine serum 
(FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, 40 μg/mL gentamicin and 100 
μg/mL amphotericin. 2D rat hepatocytes cultures were kept at 37 ˚C in a humidified 
atmosphere of 5% CO2. The culture medium was renewed every 24 h, and the cells were 
routinely examined under phase contrast microscopy before each culture medium 
renewal. 3D primary rat hepatocyte spheroid cultures were performed in 125 mL 
spinner vessels as previously optimized (Miranda et al., 2009). Rat hepatocytes were 
cultured in complete culture medium at a cell density of 120000 cells/mL. Spinner 
vessels were kept at 80 rpm on a magnetic stirrer, at 37 ˚C in a humidified atmosphere 
of 5% CO2. The cells and supernatants were collected and stored at -80 ˚C until 
subsequent assays. 
 
3.3.4. HepG2 cell cultures  
HepG2 cells (ATCC® HB-8065™) were cultured in monolayer in alpha-minimum essential 
medium supplemented with 1 mM sodium pyruvate, 1% (v/v) NEAA 100x solution and 
10% (v/v) FBS, inoculated at a density of 20000 cells/cm2 in 25 cm2 culture flasks. HepG2 
cell cultures were kept at 37 ˚C in a humidified atmosphere of 5% CO2. The cells and 
supernatants were collected and stored at -80 ˚C. 
 
3.3.5. Incubation with nevirapine and its phase I metabolites  
To evaluate the individual contribution of each metabolite to ApoA1 levels, 2D cultures 
of rat primary hepatocytes and HepG2 cells were exposed to 300 µM NVP or 300 µM 2-
OH-NVP or 12-OH-NVP at culture day’s 2, 4 and 8, and 2, 3 and 4, respectively. Similarly, 
3D primary cultures of rat hepatocytes were incubated with equimolar concentrations 
of each compound, at days 4, 8 and 12. NVP and its metabolites were incubated in 
dimethyl sulfoxide (DMSO) solution and the final DMSO concentration in cultures was 
0.33 % (v/v). In parallel, all cultures were incubated with 0.33% DMSO, as control. The 




media in 3D cultures were replaced every 4 days. The NVP concentration used in these 
experiments was based on previous work of our research team (Marinho et al., 2016; 
Pinheiro et al., 2017). 
 
3.3.6. Medium collection and diafiltration  
The cell culture supernatants collected after each incubation period were centrifuged at 
200 g for 5 minutes at 4 ˚C to remove cellular debris. Diafiltration of the total volume of 
supernatant against PBS was performed using Amicon® Ultra-4 centrifugal filter 10000 
MWCO tubes (Merck Millipore, Billerica, USA) at 2000 g and 4 ˚C. After this step, the cell 
culture supernatants were concentrated five-fold using the above mentioned 10000 
MWCO tubes and the concentrated fraction (upper fraction) was used for the 
quantification of ApoA1 levels and for the quantification of total protein. Total protein 
was quantified for each sample of 2D and 3D cultures by spectrophotometry at 280 nm, 
using a microplate reader with UV/vis spectrometer (Micro-Drop LVis Plate BMG 
Labtech, Germany) and was expressed in mg/mL. 
 
3.3.7. Apolipoprotein A1 quantification 
ApoA1 was quantified in the supernatant of 2D and 3D rat hepatocytes cultures using 
the ELISA kit for quantification of rat ApoA1 (Sunred Biological Technology, Shanghai, 
China) according to the manufacturer’s instructions. Similarly, the quantification of 
human ApoA1 in the supernatant of HepG2 cells was performed using an ELISA kit for 
the quantification of the human protein (Sunred Biological Technology, Shanghai, 
China). The concentration of ApoA1 in each sample was determined using an 
appropriate standard curve and was expressed in mg/mL. 
 
3.3.8. Statistical analysis 
Statistical analysis was performed using GraphPad®Prism version 5.0 (GraphPad 




replicates. Data was analysed by two-way ANOVA, except for comparisons of basal levels 
for the different in vitro models, which were performed by one-way ANOVA; a p value< 




3.4.1. ApoA1 levels were increased by exposure to nevirapine and 2-hydroxy-
nevirapine in the 3D spheroid model 
In the current work, ApoA1 levels were quantified in 2D and 3D rat hepatocyte cultures 
and also in HepG2 monolayer cell cultures. Hepatocytes were exposed to NVP, 2-OH-
NVP and 12-OH-NVP at a concentration of 300 µM and the levels of ApoA1 were 
normalised by the total amount of protein in the extracellular media. The hepatocytes 
were exposed to the test compounds up to 4, 8 and 12 days for HepG2 cultures, the 2D 
rat hepatocyte model and 3D rat hepatocyte model, respectively. At these timepoints 
for each in vitro model, no decrease in cell viability was observed for any of the treated 
cultures (data not shown), whereas the basal ApoA1 levels did not change significantly 
for non-treated cultures during the course of the experiment. 
As shown in Figure 17, there was a time-dependent increase in ApoA1 levels in the 3D 
rat hepatocyte cultures upon exposure to NVP and 2-OH-NVP. The effect of 2-OH-NVP 
in the ApoA1 levels was observed after 12 days of incubation (0.13 ± 0.01; p< 0.001), 
when the ApoA1 levels in the cultures exposed to this metabolite were 86% higher than 
the ApoA1 levels in control cultures. Moreover, in comparison with non-treated 
hepatocytes, there was also an effect on ApoA1 levels after incubation with NVP. This 
increase in ApoA1 was more modest than upon 2-OH-NVP exposure, reaching a 
maximum effect of 43% increase in ApoA1 relatively to control (0.10 ± 0.01; p< 0.05) 
after 12 days of exposure to NVP.   
For the 3D spheroid model, no effect of 12-OH-NVP on ApoA1 was observed (Figure 17). 
Neither NVP nor its metabolites affect ApoA1 levels in the 2D rat hepatocytes culture 
(Figure 18) or in the HepG2 cell line culture (Figure 19). The modulation of ApoA1 levels 




modulatory effects of these compounds were noted in the 2D rat hepatocytes culture 






























Figure 17. Apolipoprotein A1 quantification in the supernatant of 3D rat hepatocytes model at 
days 4, 8 and 12 of culture. Hepatocytes in the 3D model were exposed to dimethyl sulfoxide 
(0.33%, control), nevirapine, 2-hydroxy-nevirapine, 12-hydroxy-nevirapine (300 µM) for up to 12 
days. The statistical test for comparisons of apolipoprotein A1 (ApoA1) levels between control 
and test compounds was two-way ANOVA. Data is presented as mean ± SEM of ApoA1 levels 
normalised by protein in extracellular media. A p value < 0.05 was considered significant (* p < 



























Figure 18. Apolipoprotein A1 quantification in the supernatant of 2D rat hepatocytes model at 
days 2, 4 and 8 of culture. Hepatocytes were exposed to dimethyl sulfoxide (0.33%, control), 
nevirapine, 2-hydroxy-nevirapine, 12-hydroxy-nevirapine (300 µM) for up to 8 days. The 
statistical test for comparisons of apolipoprotein A1 (ApoA1) levels between control and test 
compounds was two-way ANOVA. Data is presented as mean ± SEM of ApoA1 levels normalised 



























Figure 19. Apolipoprotein A1 quantification in the supernatant of 2D HepG2 cell line model at 
days 2, 3 and 4 of culture. HepG2 cells were exposed to dimethyl sulfoxide (0.33%, control), 
nevirapine, 2-hydroxy-nevirapine, 12-hydroxy-nevirapine (300 µM) for up to 4 days. The 
statistical test for comparisons of apolipoprotein A1 (ApoA1) levels between control and test 
compounds was two-way ANOVA. Data is presented as mean ± SEM of ApoA1 levels normalised 




3.5. Discussion  
 
In the current work, it is reported that the boosting effects of NVP on ApoA1 might be 
dependent on 2-OH-NVP formation and subsequent biotransformation. Moreover, this 
work shows the usefulness of a 3D hepatocyte model for the assessment of therapeutic 
targets modulation by drugs that undergo extensive biotransformation. To the best of 
our knowledge, this is the first time that a differential effect of NVP and its metabolites 
on ApoA1 levels is studied. 
Our experimental approach was based on three different in vitro hepatocyte models, 
which were employed to investigate the effects of NVP and its main phase I metabolites, 
2-OH-NVP and 12-OH-NVP on ApoA1 levels. It was demonstrated that NVP and 
particularly the 2-OH-NVP metabolite were able to increase the levels of ApoA1 on the 
hepatocytes supernatant, but only in the 3D model and after 12 days of incubation 
(Figure 20). Nonetheless, the modulation of ApoA1 by NVP and 2-OH-NVP was only 
observed in the 3D hepatocyte model, the basal levels of this apolipoprotein were 
quantified in all the in vitro models tested. In fact, the 3D hepatocyte cultures, unlike 
monolayer cultures, can mimic the in vivo cellular organization, the tissue physiology 
and the liver metabolic functions, being a suitable alternative model to in vivo 
pharmacological and toxicological research (Miranda et al., 2009). Furthermore, the 
metabolic competence of the 3D rat hepatocyte model for NVP biotransformation and 
bioactivation was previously confirmed by our research team (Pinheiro et al., 2017). In 
contrast, human cell lines such as HepG2, have important disadvantages for exploring 
the effects of xenobiotics that suffer extensive biotransformation and bioactivation due 
to the reduced metabolic ability of these cells (Gerets et al., 2012). The results presented 
here demonstrate that, only in metabolically competent hepatocyte models, NVP and 
2-OH-NVP were able to modulate ApoA1 levels. Thus, the biotransformation of NVP and 
2-OH-NVP seems to be crucial for this ApoA1 boosting effect. 
NVP biotransformation involves extensive phase I and phase II reactions (Figure 7). 
Firstly, NVP undergoes oxidative metabolism via several CYP450 isozymes, generating 
five hydroxylated metabolites (Erickson et al., 1999; Riska et al., 1999a, 1999b). The 




through CYP3A4 metabolism (Figure 7; Riska et al., 1999a; 1999b). Recently our research 
team reported that in 3D cultures of hepatocytes following the incubation with NVP, the 
levels of free 2-OH-NVP and 12-OH-NVP remain stable from day 4 to day 12 of culture. 
However, when these 3D hepatocytes are incubated with 2-OH-NVP, therefore in the 
absence of NVP conversion into 2-OH-NVP or other phase I metabolites, the levels of 
free 2-OH-NVP decrease substantially until day 12 of culture (Pinheiro et al., 2017). This 
points towards a continuous phase I biotransformation of NVP into 2-OH-NVP in this 3D 
model, thus keeping the levels of phase I metabolites constant throughout the curse of 
the experiment, despite of phase II conjugation of phase I metabolites. These 
observations also suggest that 2-OH-NVP is an inducer of its phase II metabolism 
(Pinheiro et al., 2017). In contrast, when 2D rat hepatocytes are incubated with NVP, the 
levels of phase I metabolites are significantly lower than in 3D hepatocytes (Pinheiro et 
al., 2017), demonstrating the remarkable differences between these two models in 
terms of metabolic capacity and ability to promote the induction effects of NVP. 
Accordingly, it was observed CYP450 enzymes induction in 3D cultures upon exposure 
to NVP, as demonstrated by the ethoxycoumarin O-deethylase (ECOD) and 
ethoxyresorufin-O-deethylase (EROD) activities assays (Marinho et al., 2016; Pinheiro et 
al., 2017). 
Subsequently, the phase I metabolites of NVP can undergo phase II biotransformation, 
namely glucuronoconjugation (Riska et al., 1999a, 1999b; Pinheiro et al., 2017) and 
sulfoconjugation (Chen et al., 2008; Sharma et al., 2013; Pinheiro et al., 2017). It was 
recently shown in 3D cultures of hepatocytes exposed to NVP and to 2-OH-NVP, a clear 
metabolic shift from glucuronoconjugation to sulfoconjugation throughout the course 
of the experiment (Pinheiro et al., 2017). Thus, at day 12 of culture, the concentration 
of 2-OH-NVP sulfate reaches its maximum levels, with only negligible levels of 2-OH-NVP 
glucuronide (Pinheiro et al., 2017). In accordance with these observations, in the 3D 
hepatocyte model exposed to NVP and to 2-OH-NVP, the activity of SULT1A1 is 
significantly induced from day 2 to day 10 of culture (Pinheiro et al., 2017). This induction 
of SULT1A1 with 2-OH-NVP sulfate formation was only observed in the 3D model of 
hepatocytes (Pinheiro et al., 2017). In the current study, in the 3D hepatocytes exposed 




maximum effect at day 12. This is in agreement with a gradual boosting of ApoA1 along 
with the 2-OH-NVP sulfate accumulation. Also, this is in concordance with the effect 
observed for cells exposed to NVP; in which higher ApoA1 levels were obtained at day 
12, albeit with a lower magnitude than 2-OH-NVP. Therefore, the modulation of ApoA1 
levels in hepatocytes possibly occurs upon NVP conversion into 2-OH-NVP, followed by 
SULT-mediated biotransformation of 2-OH-NVP and accumulation of a 2-OH-NVP 
sulfate. This modulatory effect on ApoA1 was only observed in the metabolic competent 
3D hepatocyte model, although we cannot exclude higher accumulation of metabolites 
in the 3D model as compared to the others 2D cultures, due to differences in cell culture 
conditions, namely in the frequency of cell media changes. 
In addition, there is ex vivo evidence showing that the intestinal contribution for NVP 
biotransformation is significant, particularly concerning the conversion of NVP into 2-
OH-NVP by the enterocytes from female rats (Pinheiro et al., 2015). Consequently, 
increased levels of 2-OH-NVP can reach the liver in females. This increased availability 
of 2-OH-NVP, together with the increased ability for sulfoconjugation observed for the 
female sex (Tsoi et al., 2001; Wu et al., 2001; Alnouti and Klaassen, 2006; Hirao et al., 
2011; Suzuki et al., 2012), might explain the observed sex-differences on the effect of 
NVP treatment on ApoA1 levels, being the ApoA1 booster effect of NVP higher in HIV-
infected women (cf. Chapter 1; Marinho et al., 2014a). Moreover, it is reported 
significant SULT activity in the small intestine, including SULT1A1, 1A3, 1E1 and 2A1 
(Chen et al., 2003), and there is also synthesis of lipid-free ApoA1 by the small intestine 
(Kingwell et al., 2014). Therefore, the contribution of intestinal biotransformation for 
the ApoA1 boosting effect observed in patients under NVP treatment should not be 
neglected. Furthermore, ApoA1 was shown to increase the stability of SULT2B1, at least 
in platelets (Yanai et al., 2004). Although it is not clear if this stabilising effect of ApoA1 
is relevant for SULTs activity in other tissues, such as liver or small intestine, this could 
constitute a possible mechanism in ApoA1 induction by 2-OH-NVP, with ApoA1 
contributing for the sulfoconjugation of 2-OH-NVP.    
The positive effect of NVP-based cART on HIV-infected patients’ lipid profile and HDL-
cholesterol has been extensively described in literature (van der Valk et al., 2001; Clotet 




et al., 2009; Podzamczer et al., 2011, 2012, 2014; Soriano et al., 2011; Strehlau et al., 
2012; Arpadi et al., 2013). It is also described the beneficial impact of NVP-based 
treatment on HDL particle size (van der Valk et al., 2001; Clotet et al., 2003; Franssen et 
al., 2009). Some studies assessed ApoA1 levels in patients on NVP-based therapy (van 
der Valk et al., 2001; Clotet et al., 2003; Sankatsing et al., 2007; Franssen et al., 2009; 
Podzamczer et al., 2011; Soriano et al., 2011) however none of these works evaluated 
the underlying mechanism and the effect of different NVP metabolites on ApoA1. 
Although not considering the effect of NVP biotransformation, Franssen and co-authors, 
employing a methodology based on stable isotope-labelled tracers for kinetic analysis 
of HDL-ApoA1, have shown that the increase of HDL levels following NVP treatment is 
due to the stimulation of ApoA1 synthesis, with no changes on the catabolic rate of this 
apolipoprotein (Franssen et al., 2009).  
Different intracellular pathways may be underlying this effect on ApoA1, and the 
activation of different transcription factors can promote the upregulation of this 
apolipoprotein. As previously mentioned, NVP is an inducer of its own metabolism 
(Lamson et al., 1999; Faucette et al., 2006; Pinheiro et al., 2017). It has been recognised 
that several inducers of CYP450, namely CYP3A4 inducers, such as phenobarbital, 
phenytoin or gemfibrozil, are able to increase ApoA1 production and HDL levels in a 
clinical setting (Luoma, 2008). In fact, the activation of certain transcription factors can 
lead to the upregulation of metabolising enzymes and ApoA1, as these genes are often 
targets of the same molecular pathways. For example, the activation of peroxisome 
proliferator-activated receptor γ (PPAR γ) can lead to the upregulation of hepatic ApoA1 
(Dahabreh and Medh, 2012) and is possibly involved in NVP-associated induction of 
CYP3A4 and CYP2B6 (Rogue et al., 2010). Similarly, the activation of PPAR α leads to the 
upregulation of hepatic ApoA1 (Mukherjee et al., 2008) and CYP3A4 (Thomas et al., 
2013). Additionally, PPAR α activation also induces the expression of hepatic SULT2A1 
(Fang et al., 2005). However, if any NVP metabolite has PPAR γ or PPAR α agonist 
properties, remains unaddressed. In addition, ApoA1 expression can also be achieved 
through the aryl hydrocarbon receptor (AhR) (Jaichander et al., 2008). Since 2-OH-NVP 
is able to induce target genes of AhR, such as the CYP1A family, in 3D cultures of 




of this nuclear receptor on CYP450 and ApoA1 modulation should be considered. 
Besides the above mentioned nuclear receptors, CAR is also involved on CYP450 and 
ApoA1 modulation. In fact, it is described that NVP can promote the expression of 
CYP3A4 and CYP2B6 through CAR activation (Faucette et al., 2006). Moreover, it is 
reported that CAR activation can lead to increased hepatic expression of several SULTs, 
particularly in female mice (Alnouti and Klaassen, 2008). However, unlike the previously 
cited pathways, the activation of CAR causes decreased activity of the human ApoA1 
promoter, and decreased hepatic expression and plasma levels of human ApoA1 in 
transgenic mice (Masson et al., 2008). At first glance, this observation may seem 
conflicting with the effect of NVP on ApoA1. However, the effect of NVP metabolites 
was never assessed in regard to this nuclear receptor. It is possible that a small molecule, 
which acts as an agonist for a given receptor, can lose agonistic activity upon small 
chemical modifications, as already described for other drugs (Spang et al., 2000). In 
addition to the previously mentioned pathways, ApoA1 expression can also be 
promoted through the LXR (Kannisto et al., 2014), pregnane X receptor (PXR) (Bachmann 
et al., 2004) and also by activation of the liver receptor homolog-1 (LRH-1) (Delerive et 
al., 2004). There is evidence that NVP does not activate LXR (Svärd et al., 2014) and is a 
weak activator of PXR (Faucette et al., 2006); however, once again, the effects of NVP 
metabolites on LXR and PXR have not been explored so far. Similarly, the activation of 
LRH-1 by NVP or its metabolites remains unexplored.   
Besides the regulation of gene expression, another mechanism that can lead to 
increased ApoA1 levels is based on hepatocyte ApoA1 secretion. It was reported that 
the inhibition of the α-subunit of farnesyltransferase (FNT) promotes an increased 
secretion of ApoA1 by HepG2 cells and higher ApoA1 serum levels in transgenic mice 
expressing human ApoA1 (Miles et al., 2013). Interestingly, the PIs lopinavir and 
atazanavir, two anti-HIV drugs associated with CYP3A4 inhibition and pro-atherogenic 
changes on patients’ lipid profile, are not able to inhibit FNT in vitro (Coffinier et al., 
2007). Additional studies are needed to address if NVP and its metabolites have some 
degree of FNT inhibition ability.     
ApoA1 is the main protein of HDL particles and a key component for their functionality 
(Nguyen et al., 2013; Kingwell et al., 2014). The pleiotropic effects of ApoA1 (Tuteja and 




functions, far beyond cholesterol homeostasis; although the best known function of 
ApoA1 is on reverse cholesterol transport (Figure 2). The binding of ApoA1 to 
phospholipids and cholesterol, to generate pre-β HDL particles, is mediated by the 
hydrophobic C-terminal domain of ApoA1 (Nguyen et al., 2013). The lipid enrichment of 
these pre-β HDL particles might occur upon interaction between ApoA1 and the ABCA1 
transporter, though an ABCA1-independent pathway is also possible, via ApoA1 
interaction with the ABCG1 transporter or with SR-B1. In fact, it was reported that NVP 
intake is able to stimulate ABCA1-independent cholesterol efflux from macrophages 
(Tohyama et al., 2009). These interactions will promote the transfer of unesterified 
cholesterol and phospholipids from peripheral tissues to HDL, being ApoA1 a lipid 
acceptor in this process of cholesterol efflux (Vedhachalam et al., 2007; Kingwell et al., 
2014; Mei and Atkinson, 2015). In addition, ApoA1, acting as a co-factor for LCAT, 
promotes the esterification of free cholesterol into the HDL particle, generating 
spheroidal HDL with a core of cholesteryl esters (Kunnen and Van Eck, 2012). It was 
reported that NVP treatment can promote a slight increase in LCAT activity in HIV-
infected patients (Franssen et al., 2009).  
Besides its fundamental role in cholesterol homeostasis, ApoA1 has also other essential 
physiological functions that have been investigated in the last years (Srinivas et al., 1991; 
Tada et al., 1993; Ariel et al., 1994; Huang et al., 2008; Bogan and Hennebold, 2010; 
Sriraman et al., 2010; Wilhelm et al., 2010; Karavia et al., 2012; Kim et al., 2016). 
Therefore, the modulation of ApoA1 levels might have several potential therapeutic 
applications. HDL- and ApoA1-targeted therapies were already suggested for myocardial 
infarction (Van Linthout et al., 2015), atherosclerosis (Millar and Cuchel, 2015; Gadkar 
et al., 2016) and more recently for cancer therapy (Zamanian-Daryoush and DiDonato, 
2015). Even so, and despite the undeniable therapeutic potential of such ApoA1-
targeted approaches (Gadkar et al., 2016), to date there are no drugs to effectively 
increase HDL or ApoA1 levels (Table 1). An example of the attempts at developing a new 
HDL/ApoA1 modulator is the drug RVX-208. The RVX-208 is a specific inhibitor of the 
second bromodomains within the BET proteins; by inhibiting the second bromodomains 
RVX-208 will promote the displacement of BET proteins from chromatin, theoretically 
leading to increased transcription of ApoA1 (Picaud et al., 2013). However, the ASSURE 




with placebo, and no clinical improvement in terms of coronary atherosclerosis (Nicholls 
et al., 2016). Another example of a failed attempt to develop a drug with HDL-boosting 
properties is the use of CETP inhibitors. Torcetrapib and evacetrapib are CETP inhibitors, 
which block the transfer of cholesteryl esters from HDL to other lipoproteins through 
inhibition of CETP, then raising HDL-cholesterol levels. Both drugs were associated with 
significant increases in HDL-cholesterol, however torcetrapib was also associated with 
toxicity due to off-target effects, including increased risk of death, that was considered 
unacceptable (Barter et al., 2007); while evacetrapib was associated with hypertension 
and no clinical benefits (Nicholls et al., 2011a; Eyvazian and Frishman, 2017). Unlike 
these new molecules, the pathways that lead to NVP-induced toxicity are becoming 
better understood. Indeed, NVP-associated toxicity is dependent on its bioactivation 
into reactive electrophiles (Chen et al., 2008; Antunes et al., 2010a; Sharma et al., 2013), 
which are prone to form adducts with biomolecules (Antunes et al., 2008, 2010a, 2010b; 
Caixas et al., 2012; Meng et al., 2013; Sharma et al., 2013; Pinheiro et al., 2017) eliciting 
immune-mediated adverse reactions (Yuan et al., 2011). Moreover, as demonstrated in 
the current work, the effect of NVP on ApoA1 might be mediated via 2-OH-NVP. This 
metabolite can be bioactivated in vitro into potentially reactive metabolites (Antunes et 
al., 2011; Harjivan et al., 2015), although the in vivo relevance of this bioactivation 
pathway to the NVP toxic outcome remains to be elucidated. On the other hand, the 
effect of NVP on HDL and ApoA1 levels are well recognised and extensively described. 
Therefore, a 2-OH-NVP derivative might eventually lead, in the future, to the 
development of a new ApoA1-raising drug, with the beneficial features of NVP but with 
decreased potential for toxicity.           
In conclusion, the modulatory effects of 2-OH-NVP were only observed in the 3D 
hepatocyte model after 12 days of incubation (Figure 20), suggesting that further 
biotransformation of 2-OH-NVP might be involved. The current study proves the 
usefulness of a system able to mimic the tissue physiology, for the study of the ApoA1 
modulation by small molecules that can undergo significant biotransformation. 
Considering the sex-dependent dimorphic profile of NVP-induced ApoA1 modulation 
(Chapter 1; Marinho et al., 2014a), we conjectured that NVP or an analogue might have 




by ApoA1 deficiency. In addition, NVP shows female-predominant toxicity (Marinho et 
al., 2014c) as well as anti-proliferative properties (Mangiacasale et al., 2003; Hecht et 
al., 2015). These features prompted us to investigate ovarian cancer, a women-specific 
malignancy with dismal prognosis characterised by decreased ApoA1 in serum and in 





Figure 20 Effect of nevirapine and its metabolites in apolipoprotein A1 levels in vitro. Nevirapine (NVP) and its main 
phase I metabolites, 2-hydroxy-nevirapine (2-OH-NVP) and 12-hydroxy-nevirapine (12-OH-NVP), were incubated in 
three different in vitro models of hepatocytes: 2D cultures of the HepG2 cell line, 2D cultures of rat hepatocytes and 
3D cultures of rat hepatocytes. The modulation of hepatic apolipoprotein A1 (ApoA1) was only possible in the 
metabolic competent 3D model, after 12 days of incubation with NVP and 2-OH-NVP. NVP was able to increase ApoA1 
levels by 43%, while the 2-OH-NVP metabolite was able to increase the levels of this protein by 86%. The NVP-induced 




CHAPTER 4. ANTI-TUMORIGENIC EFFECTS OF APOLIPOPROTEIN 
A1 AND APOLIPOPROTEIN A1 MIMETIC PEPTIDES: 































Anti-tumorigenic effects of apolipoprotein A1 and apolipoprotein A1 mimetic 
peptides: Preliminary results in ovarian cancer 
 
4.1. Summary 
ApoA1 is remarkably decreased in serum and ovarian tissues of women suffering from 
ovarian cancer; moreover, higher serum ApoA1 levels are associated with better 
prognosis and longer survival for ovarian cancer patients. In fact, ApoA1 and ApoA1 
mimetic peptides are able to sequestrate pro-inflammatory phospholipids, some of 
which are known to activate a variety of signalling pathways involved in cancer cells 
proliferation, invasion, survival and chemoresistance. Besides, more intrinsic anti-
tumorigenic properties, independent from ApoA1-lipids interaction, were also 
described for this protein. In the current study, our aim was to disclose the effects of 
ApoA1 and an ApoA1 mimetic peptide on the malignant phenotype of ovarian cancer 
cells, particularly regarding cell viability, invasion of extracellular matrix and ability to 
sensitise cells to platinum-based chemotherapy. Both ApoA1 and the mimetic peptide 
significantly decreased the viability of ovarian cancer cell lines. Importantly, ApoA1 was 
able to significantly decrease ovarian cancer cells invasiveness, while the ApoA1 mimetic 
peptide strongly decreased Akt phosphorylation at Ser473, being able to sensitise ovarian 
cancer cells to cisplatin. The results reported in here support the role of ApoA1 and 
ApoA1 mimetic peptides as suppressors of ovarian tumorigenesis. Based on these 
preliminary findings further studies are needed to elucidate the usefulness of ApoA1 
boosters for treating ovarian cancer, a gynaecological malignancy associated with dismal 
prognosis, for which the outcome of currently available therapies remains largely 
unsatisfactory. 
 
4.2. Objectives  
The research work described in the current Chapter was aimed at disclosing the effects 




malignant phenotype of ovarian cancer cells, focusing on cancer cells viability, 
invasiveness and also evaluating their potential to induce sensitisation of ovarian cancer 
cells to cisplatin.  
 
4.3. Material and methods  
4.3.1. Chemicals and reagents 
ApoA1 extracted from human plasma, RPMI-1640 and DMEM media, RIPA buffer and 
bovine insulin were purchased from Sigma-Aldrich (MO, USA). The ApoA1 mimetic 
peptide (4F or Ac-F3,1418A-NH2; peptide sequence: acetyl-DWFKAFYDKVAEKFKEAF-NH2 
synthesized from all L aminoacids) was synthesized by JPT Peptide Technologies (Berlin, 
Germany). L-glutamine and Penicillin/Streptomycin solutions were purchased from 
Invitrogen (CA, USA). The Minisart® NML Syringe Filters with surfactant-free cellulose 
acetate membrane, pore size 0.2 µm, were supplied by Sartorius (Göttingen, Germany). 
The CellTiter 96® AQueous One Solution Cell Proliferation assay and the ApoTox-Glo™ 
triplex assay were provided by Promega (WI, USA). The Matrigel® Growth Factor 
Reduced Basement Membrane Matrix, Phenol Red-free, was supplied by BD Biosciences 
(NJ, USA). The protease inhibitor cocktail was obtained from Roche (Basel, Switzerland) 
and the phosphatase inhibitor cocktail II was obtained from Calbiochem (CA, USA). 
Pierce™ BCA Protein Assay Kit for protein quantification and BSA Microbiological Grade 
Powder were supplied by Thermo Fisher Scientific (MA, USA). The Immobilon® 
polyvinylidene difluoride (PVDF) membranes for western blot and the Immobilon™ 
Western Chemiluminescent HRP Substrate reagents were provided by Millipore (MA, 
USA). Phospho-Akt Ser473 (D9E) XP® rabbit monoclonal antibody, Akt (pan) (11E7) rabbit 
monoclonal antibody, Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (D13.14.4E) XP® 
rabbit monoclonal antibody and p44/42 MAPK (ERK1/2) (137F5) rabbit monoclonal 
antibody were purchased from Cell Signaling Technology (MA, USA). Calnexin antibody 
was purchased from ENZO Life Sciences (NY, USA). Dako Horseradish peroxidase (HRP)-
conjugated polyclonal goat anti-rabbit IgG was supplied by Agilent Technology (CA, 
USA). Ovarian cancer cell lines were supplied by ATCC (VA, USA), while OSEC2 cell line 




4.3.2. Cell lines and cell culture  
SKOV3 cells (ATCC® HTB-77™) were maintained in RPMI-1640 media supplemented with 
10% FBS, 2 mM L-glutamine and 50 U/mL penicillin/streptomycin. OVCAR3 cells (ATCC® 
HTB-161™) were maintained in RPMI-1640 media supplemented with 10% FBS, 2 mM L-
glutamine, 50 U/mL penicillin/streptomycin and 0.01 mg/mL bovine insulin. CAOV3 cells 
(ATCC® HTB-75™) were maintained in DMEM media supplemented with 10% FBS, 2 mM 
L-glutamine and 50 U/mL penicillin/streptomycin. SKOV3, OVCAR3 and CAOV3 cells 
were cultured at 37 ˚C in a humidified atmosphere of 5% CO2. Immortalized non-
neoplastic human ovarian surface epithelial cells (OSEC2) were kept in RPMI-1640 media 
supplemented with 10% FBS, 2 mM L-glutamine and 50 U/mL penicillin/streptomycin, 
at 33 ˚C in a humidified atmosphere of 5% CO2, as previously described (Davies et al., 
2003; McKie et al., 2012). All cell lines were tested regularly to exclude mycoplasma 
contamination.  
 
4.3.3. Preparation of stock solutions 
Stock solutions of 1 mg/mL ApoA1 were prepared in 50% serum-free RPMI-1640 media 
in deionized distilled water. Stock solutions of 1 mg/mL ApoA1 mimetic peptide were 
prepared in 50% serum-free RPMI-1640 media in deionized distilled water or 50% 
serum-free DMEM media in deionized distilled water. After sterilizing filtration through 
a 0.2 µm filter, stock solutions were stored at -20 ˚C. These stock solutions were diluted 
in appropriate cell culture media to obtain the test concentrations.  
 
4.3.4. Cell viability assay and caspase-dependent apoptosis assay 
The effect of human ApoA1 on cell mitochondrial viability and caspase 3/7 activation 
was investigated in SKOV3 cells. Briefly, SKOV3 cells were seeded in 96-well plates, at a 
density of 5000 cells/well in full media conditions, and were allowed to attach for 24 h 
at 37 ˚C in a humidified atmosphere of 5% CO2. Cell media were then changed to serum-
free RPMI-1640. After overnight serum starvation, cells were incubated with increasing 




by CellTiter 96® AQueous One Solution Cell Proliferation assay, following the 
manufacturer’s recommendations. The results of cell viability for each condition were 
normalised by the control, which consisted of untreated cells, exposed to vehicle only. 
Two independent experiments were performed, and each condition was run 
in triplicate. For the apoptosis assay, SKOV3 cells were seeded in 96-well white flat 
bottom plates, at a density of 5000 cells/well in full media conditions, and were allowed 
to attach for 24 h at 37 ˚C in a humidified atmosphere of 5% CO2. Cell media were then 
changed to serum-free RPMI-1640. After overnight serum starvation, cells were 
incubated with 100 µg/mL ApoA1 for 12 h and 48 h. Caspase 3/7 activation was 
measured using the ApoTox-Glo™ triplex assay, following manufacturer’s instructions. 
Caspase 3/7 activity was normalised to cell viability obtained for each condition. The 
results of caspase 3/7 activation were compared with the untreated control cells, 
exposed to vehicle only. Two independent experiments were performed, and each 
condition was run in triplicate. 
The effect of the ApoA1 mimetic peptide 4F on mitochondrial viability was investigated 
in SKOV3, OVCAR3 and CAOV3 cell lines. The toxicity of this peptide for non-neoplastic 
OSEC2 cells was also assessed. SKOV3, OVCAR3 and CAOV3 cells were seeded in 96-well 
plates, at a density of 5000 cells/well in full media conditions. Cells were allowed to 
attach for 24 h at 37 ˚C in a humidified atmosphere of 5% CO2. Cells were then kept in 
serum-free media and after overnight serum starvation, they were incubated with 
increasing concentrations of ApoA1 mimetic peptide (0.5 – 100 µg/mL)19 for 48 h. 
Similarly, OSEC2 cells were seeded at a density of 5000 cells/well, in 96-well plates, in 
full media conditions. Cells were allowed to attach for 24 h at 33 ˚C in a humidified 
atmosphere of 5% CO2. Cell media were changed to serum-free RPMI-1640 and after 
overnight serum starvation, cells were incubated with 100 µg/mL ApoA1 mimetic 
peptide for 48 h. Mitochondrial viability was measured by CellTiter 96® AQueous One 
Solution Cell Proliferation assay, following the manufacturer’s recommendations. The 
results of cell viability for each condition were normalised by the viability of untreated 
                                                          
19 100 µg/mL of ApoA1 corresponds to approximately 3.5 µM of protein (ApoA1 molecular weight: 28300 
g/mol), while 100 µg/mL of the ApoA1 mimetic peptide corresponds to 43 µM of peptide (4F peptide 




cells, exposed to vehicle only. Two independent experiments were performed for each 
cell line; each condition was run in triplicate. 
 
4.3.5. 3D tumour spheroid invasion assay 
The effect of ApoA1 exposure on the ability of SKOV3 cells to invade the extracellular 
matrix was investigated in a 3D tumour spheroid invasion assay. The assay protocol was 
adapted from Vinci et al (2015). Briefly, SKOV3 cells were cultured in ultra-low 
attachment round bottom 96-well plates, at a density of 5000 cells/well in full media 
conditions. Cells were kept at 37 ˚C in a humidified atmosphere of 5% CO2. After 3 days, 
the spheroids were serum-starved for 12 h. After this period of serum starvation, the 
spheroids were gently embedded in a mixture with equal volumes of serum-free RPMI-
1640 and cold liquid growth factor reduced, phenol red-free, basement membrane 
Matrigel® matrix. Low concentration serum (0.3%) was added to stimulate invasion. 
ApoA1 was added to the mixture at a concentration of 300 µg/mL, while untreated 
spheroids exposed to vehicle only were used as controls. The invasion of extracellular 
matrix was assessed daily for 4 days, using an inverted microscope with a 4X or 10X 
objective, depending on the size of invaded area. Quantitative image analysis was 
performed with ImageJ software (National Institute of Health, MD, USA). The invasion 
area was normalised by the spheroid area at time=0. Two independent experiments 
were performed, each condition was run in triplicate. 
 
4.3.6. Western blotting  
For western blot analysis SKOV3 cells were seeded in 12-well plates, at a density of 
60000 cells/well and allowed to attach during 24 h at 37 ˚C in a humidified atmosphere 
of 5% CO2. Cells were serum-starved overnight and then treated with ApoA1 mimetic 
peptide at a concentration of 50 or 100 µg/mL, for 12 h and 24 h in serum-free 
conditions, before cell lysis for 20 min on ice. Briefly, cells were washed with PBS prior 
to collection in RIPA buffer supplemented with protease inhibitor cocktail and 




Total protein concentration in the whole lysate was determined using the BCA Protein 
Assay Kit according to manufacturer’s recommendations. Lysates were incubated at 100 
˚C for 10 minutes and then separated into 10% sodium dodecyl sulphate polyacrylamide 
gel electrophoresis (SDS-PAGE). Gels were then transferred onto PVDF membranes. 
Membranes were blocked with 5% BSA in TBST buffer. Primary antibodies were diluted 
in 5% BSA in TBST buffer as follows: 1:6000 dilution for the calnexin antibody; 1:2000 
dilution for both phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) antibody and p44/42 
MAPK (ERK1/2) antibody; 1:1000 dilution for both the phospho-Akt Ser473 antibody and 
the pan Akt antibody. Incubation with primary antibodies was performed at 4 ˚C 
overnight. HRP-conjugated secondary antibodies were employed at a 1:5000 dilution in 
1% BSA in TBST buffer, for incubation for 2h at room temperature.  Proteins were 
detected using Immobilon™ Western Chemiluminescent HRP Substrate system and 
developed on X-ray film using Kodak SRX2000 (NY, USA) developer machine. 
Quantitative densitometry was performed using ImageJ software (National Institute of 
Health, MD, USA). 
 
4.3.7. In vitro cisplatin sensitisation assay  
In order to investigate the ability of the ApoA1 mimetic peptide to sensitise ovarian 
cancer cells to platinum-based chemotherapy, cell lines were co-incubated with 
different concentrations of the peptide and cisplatin, and mitochondrial viability was 
evaluated for each condition. SKOV3, OVCAR3 and CAOV3 cells were seeded in 96-well 
plates, at a density of 5000 cells/well in full media conditions. Cells were allowed to 
attach for 24 h at 37 ˚C in a humidified atmosphere of 5% CO2. Cells were then exposed 
to the ApoA1 mimetic peptide and cisplatin in full media conditions for 72 h. 
Concentrations of the ApoA1 mimetic peptide ranged from 50 to 150 µg/mL, while 
cisplatin concentrations varied according to the sensitivity of each cell line. Cisplatin 
concentration ranged from 10 to 20 µM for SKOV3 cells, 1 to 5 µM for OVCAR3 cells and 
2.5 to 5 µM for CAOV3 cells. Mitochondrial viability was determined by the CellTiter 96® 
AQueous One Solution Cell Proliferation assay, following the manufacturer’s 




consisted of untreated cells. Mitochondrial viability of cells incubated with the peptide 
in combination with cisplatin was compared with the mitochondrial viability of cells 
exposed to cisplatin only. Two independent experiments were performed, including four 
replicates per condition.  
 
4.3.8. In ovo chicken chorioallantoic membrane assay  
Fertilized brown chicken eggs were supplied by Henry Stewart & Co. Ltd. (Norfolk, UK). 
All the procedures involving chicken embryos were performed in agreement with 
Community and national legislation (Directive 2010/63/EU; Animals Scientific 
Procedures Act 1986) and also in agreement with the Basel Declaration. The 
experimental protocol received prior approval by the competent National Authority 
(project licence reference: PPL 70/7997; personal licence reference: I1D60DB1A) and by 
Imperial College’s Animal Welfare and Ethical Review Body. 
The method for implanting cancer cells on the chicken chorioallantoic membrane (CAM) 
was adapted from a previously described protocol (Sys et al., 2013), after in-house 
optimization (Antony et al., 2016). Briefly, fertilized eggs were incubated at 37.5 °C with 
50% relative humidity for 3 days. On embryonic day 3, under sterile conditions, a small 
hole was pierced through the egg’s taglion using a 19-gauge needle and 2-3 mL of 
albumen were removed to decrease the volume inside the egg and to ensure that the 
CAM is not damaged when the egg shell is opened. Subsequently, a 1 cm diameter 
window was opened on the egg’s shell to expose the CAM. The window was covered 
with sterile film and the eggs were incubated at 37.5 ˚C with 50% relative humidity for 
6 days. At embryonic day 9, xenografts were prepared by suspending 1 × 106 green 
fluorescent protein (GFP)-transduced SKOV3 cells in 100 µL of cold liquid Matrigel®. 
ApoA1 mimetic peptide and cisplatin were added to the cell suspension, at a 
concentration of 100 µg/mL and 15 µM, respectively. The compounds were added 
separately (peptide only, cisplatin only) or in combination (peptide plus cisplatin). 
Additionally, untreated cells exposed to vehicle were used as control. A medium to large 
blood vessel was then gently bruised using autoclaved round-bottom glass rods and the 




window was covered with sterile tape and the eggs were placed back in the incubator, 
at 37.5 ˚C with 50% relative humidity for 7 days. Tumour dimensions were quantified at 
embryonic day 16 using Zeiss SteREO Discovery V8 microscope and the Zen 2.0 blue 
edition software (Oberkochen, Germany).  
 
4.3.9. Quantification of auto-antibodies towards high density lipoprotein and 
apolipoprotein A1 
In order to investigate potential differences on the levels of auto-antibodies towards 
HDL and ApoA1 in women suffering from malignant and benign ovarian disease and 
evaluate how the levels of such antibodies compare with the levels observed in healthy 
women, we performed an exploratory clinical study. This clinical investigation was 
performed in accordance with the principles stated in the Declaration of Helsinki. The 
protocol was approved by Instituto Português de Oncologia de Lisboa, Francisco Gentil, 
EPE. Patients and volunteers were included after voluntarily giving their written 
informed consent. A blood sample (2 mL) was collected after diagnosis and prior to 
surgery, into tubes with no anticoagulant.  
Serum anti-HDL and anti-ApoA1 IgG antibodies were quantified by in-house developed 
ELISA methods, as described by Batuca and collaborators (Batuca et al., 2007). Anti-HDL 
IgG antibodies were presented as a percentage of the control, while the anti-ApoA1 IgG 
antibodies were presented as µg/mL.  
 
4.3.10. Statistical analysis 
Statistical analysis was performed using GraphPad®Prism version 5.0 (GraphPad 
Software Inc., CA, USA). Cell viability is presented as a percentage, while caspase 
activation, relative invasion, western blot densitometry and xenografts area were 
presented as fold change from control. Data were analysed by two-way ANOVA, Kruskal-







4.4. Results  
4.4.1. Apolipoprotein A1 and the 4F mimetic peptide decrease the viability of ovarian 
cancer cells  
In order to investigate whether ApoA1 extracted from human plasma affects ovarian 
cancer cells viability, we analysed the effect of ApoA1, added to the extracellular media, 
on the viability of SKOV3 cells. These assays were performed in serum-free conditions 
to isolate the effect of human ApoA1, avoiding interferences with bovine ApoA1 and the 
variety of growth factors present in serum for cell media supplementation. Under these 
conditions, treatment with 100 µg/mL ApoA1 reduced the viability of SKOV3 cells by 
28% (Figure 21, Panel A; Kruskal-Wallis test with Dunn's Multiple Comparison post-test; 
p< 0.05). This effect of ApoA1 in SKOV3 cells viability was independent of caspase 3/7 
activation, as observed after 12 h and 48 h of incubation with ApoA1 (Figure 21, Panel 
B; two-way ANOVA; p> 0.05).  
The ApoA1 mimetic peptide was tested in three different ovarian cancer cell lines, 
SKOV3, OVCAR3 and CAOV3 cells. The viability of cells treated with 100 µg/mL 4F was 
reduced by 28%, 40% and 20%, for SKOV3, OVCAR3 and CAOV3 cells respectively (Figure 
22; Panels A, B and C; Kruskal-Wallis test with Dunn’s multiple comparison post-test; p< 
0.001 for all cell lines). The peptide at a concentration of 50 µg/mL also reduced the 
viability of OVCAR3 and CAOV3 cells (Figure 22; Panels B and C; Kruskal-Wallis test with 
Dunn’s multiple comparison post-test; p< 0.05 for both cell lines). Importantly, the 
ApoA1 mimetic peptide does not affect the viability of non-neoplastic ovarian surface 
epithelial OSEC2 cells (Figure 22; Panel D; Mann-Whitney U test, p> 0.05). 




































































































Figure 21 Apolipoprotein A1 decreases the viability of ovarian cancer cells without affecting caspase activation. Panel A: 
SKOV3 cells were incubated with human apolipoprotein A1 (ApoA1) in the extracellular media, up to a concentration of 100 
µg/mL in serum-free conditions for 48 h. Untreated cells were exposed to vehicle only. ApoA1 treatment significantly decreased 
the viability of SKOV3 cells (Kruskal-Wallis test with Dunn’s multiple comparison post-test; p< 0.05). Panel B: SKOV3 cells were 
incubated with 100 µg/mL ApoA1 for 12 h (light grey bars) and 48 h (dark grey bars). Caspase 3/7 activation was quantified 
and normalised by the number of viable cells. No differences were observed in caspase activation between untreated cells and 
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4.4.2. Apolipoprotein A1 reduces the ability of ovarian cancer cells to invade the 
extracellular matrix  
The 3D tumour spheroid invasion assay was performed in spheroids of SKOV3 cells 
unexposed (control) and exposed to 300 µg/mL ApoA1 (Figure 23). Spheroids were 
embedded in Matrigel® matrix. Invasion of extracellular matrix was assessed daily, for 4 
days (96 h), and the invasion area for each day was normalised by the spheroid area at 
time=0. As shown in Figure 23, ApoA1 treatment significantly decrease the ability of 
SKOV3 cells to invade extracellular matrix, after 72 h (Two-way ANOVA; control: 2.97 ± 
Figure 22 The apolipoprotein A1 mimetic peptide decreases the viability of ovarian cancer cells without 
affecting non-neoplastic ovarian cells. SKOV3 (Panel A), OVCAR3 (Panel B) and CAOV3 (Panel C) cells were 
incubated with the apolipoprotein A1 (ApoA1) mimetic peptide 4F in the extracellular media up to a concentration 
of 100 µg/mL, in serum-free conditions for 48 h. Untreated cells were exposed to vehicle only. Exposure to the 
highest concentration of the peptide decreased the viability of all the three cell lines (Kruskal-Wallis test with 
Dunn’s multiple comparison post-test; p< 0.001). The peptide at 50 µg/mL also decreased the viability of OVCAR3 
and CAOV3 cells (p< 0.05). Immortalized non-neoplastic human ovarian surface epithelia cells (OSEC2; Panel D) 
were exposed to the highest concentration of peptide (100 µg/mL) used in the viability assay for the ovarian cancer 
cell lines. At this concentration the peptide did not affect the viability of OSEC2 cells. Differences were considered 




0.06; ApoA1: 1.76 ± 0.09; p< 0.001) and 96 h of treatment (control: 2.93 ± 0.28; ApoA1: 



























































Figure 23 Apolipoprotein A1 decreases the ability of ovarian cancer cells to invade the extracellular 
matrix. The 3D tumour spheroid invasion assay was performed in SKOV3 spheroids exposed to 
apolipoprotein A1 (ApoA1) at a concentration of 300 µg/mL, and in unexposed spheroids (control). 
Invasion of extracellular matrix was assessed for up to 96 h. Exposure to ApoA1 significantly decreased the 
ability of SKOV3 cells to invade the extracellular matrix after 72 h (Two-way ANOVA; p< 0.001) and 96 h 
(p< 0.05). On Panel A, the relative invasion normalised by the spheroid area at time=0 is plotted for ApoA1-
treated and untreated spheroids. On Panel B, it is shown two spheroids, representatives of the ApoA1-
treated and control conditions, at the beginning of the experiment (time=0) and during the course of 
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4.4.3. Apolipoprotein A1 mimetic peptide strongly affects Akt phosphorylation 
We investigated whether the incubation with the ApoA1 mimetic peptide would affect 
Akt and ERK signalling in SKOV3 cells. As demonstrated in Figure 24, SKOV3 cells treated 
with 100 µg/mL ApoA1 mimetic peptide showed a significant decrease in Akt Ser473 
phosphorylation after 12 h (Figure 24, Panels A and C; two-way ANOVA; 0.52 ± 0.08; p< 
0.01) or 24 h (0.48 ± 0.10; p< 0.01) of exposure. Despite not reaching statistical 
significance, a trend for increased phosphorylation of ERK1/2 at Thr202/Tyr204 upon 
treatment with the peptide was also observed. Nevertheless, this effect on ERK 
phosphorylation was more pronounced after 12 h of exposure, being reduced after 24 
h of treatment (Figure 24, Panels A and E). No significant changes were observed 
regarding pan Akt levels or total ERK1/2 (Figure 24, Panels B, D and F). These results 
support that the ApoA1 mimetic peptide preferentially affects Akt signalling compared 
to ERK1/2 (Figure 24, Panels A and C); this observation prompted the evaluation on the 
effect of this peptide on cisplatin sensitisation.    
 
4.4.4. Apolipoprotein A1 mimetic peptide sensitises ovarian cancer cells to cisplatin 
The results presented in Figure 25 show that, in full media conditions, the ApoA1 
mimetic peptide sensitises all the three ovarian cancer cell lines tested to cisplatin. For 
example, the viability for SKOV3 cells exposed to 15 µM cisplatin, with no peptide, was 
approximately 58%; while SKOV3 cells exposed to 15 µM cisplatin in combination with 
increasing concentrations of the peptide – 50, 100 and 150 µg/mL – presented a cell 
viability of 50% (Two-way ANOVA; p< 0.05), 33% (p< 0.001) and 16% (p< 0.001), 
respectively. Likewise, the viability for OVCAR3 cells was significantly reduced upon 
concomitant treatment with cisplatin and the ApoA1 mimetic peptide. For this cell line, 
treatment with 3 µM cisplatin resulted in approximately 90% cell viability; however, co-
incubation with 50, 100 or 150 µg/mL of 4F peptide caused a significant decrease in cell 
viability, to 75% (p< 0.05), 62% (p< 0.001) and 43% (p< 0.001), respectively. Similarly, 
CAOV3 cells treated with 2.5 µM cisplatin reached a cell viability of 44%; when cells were 






mimetic peptide the viability significantly decreased to 24% (p< 0.001) and 5% (p< 

















Figure 24 Apolipoprotein A1 mimetic peptide strongly suppresses Akt signalling in ovarian cancer cells. 
After overnight serum starvation, SKOV3 cells were treated with the apolipoprotein A1 (ApoA1) mimetic 
peptide (50 µg/mL or 100 µg/mL). Untreated SKOV3 cells were used as control. Cell lysates were collected 
12 h or 24 h after treatment and subjected to western blot analysis. Calnexin was the loading control for 
these experiments. Panel A: western blot for phospho Akt (Ser473) and phospho ERK1/2 (Thr202/Tyr204); 
Panel B: western blot for pan Akt and total ERK1/2; Panel C: densitometry for Akt Ser473 phosphorylation; 
Panel D: densitometry for Pan Akt; Panel E: densitometry for ERK1/2 Thr202/Tyr204 phosphorylation; Panel 
F: densitometry for total ERK1/2. The ApoA1 mimetic peptide strongly decreased phosphorylation of Akt 
at Ser473 after 12 h (two-way ANOVA; p< 0.01) and 24 h (p< 0.01) of exposure with the highest 
concentration of peptide (100 µg/mL). Differences were considered significant if p< 0.05.   
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Figure 25 Apolipoprotein A1 mimetic peptide sensitises ovarian cancer cells to cisplatin. SKOV3, OVCAR3 and 
CAOV3 cells were co-incubated with increasing concentrations of apolipoprotein A1 (ApoA1) mimetic peptide, 
up to 150 µg/mL, and increasing concentrations of cisplatin, according to the sensitivity of each cell line. 
Exposure to the peptide and cisplatin was performed in full media conditions. After 72 h, mitochondrial cell 




4.4.5. The effect of apolipoprotein A1 mimetic peptide on cisplatin sensitisation was 
investigated in the chicken chorioallantoic membrane model 
To investigate the effect of the ApoA1 mimetic peptide in terms of cisplatin sensitisation 
in a biologically relevant system, we inoculated GFP-transduced SKOV3 cells xenografts 
on the chicken CAM model. Xenografts were exposed in ovo to cisplatin and ApoA1 














































































The embryo mortality in this assay was extremely high (approximately 70%) which was 
probably related to the incubator malfunctioning, affecting temperature and humidity 
controls. Despite the high mortality, the size of the xenografts exposed to the peptide 
in combination with cisplatin was significantly smaller than the size of the xenografts 
Figure 26 Apolipoprotein A1 mimetic peptide sensitises ovarian cancer cells to cisplatin in the biologically relevant in ovo 
model. SKOV3 xenografts were topically inoculated on the chicken chorioallantoic membrane (CAM), left untreated (control) or 
treated with the apolipoprotein A1 (ApoA1) mimetic peptide (100 µg/mL), cisplatin (15 µM) or with the combination of both (100 
µg/mL peptide plus 15 µM cisplatin). Xenograft size was calculated as the area of the fluorescent tumour relative to background. 
Student’s t test was performed after testing the data normality by the Shapiro-Wilk normality test. Differences were considered 
significant if p< 0.05.  **p< 0.01. 
Control Peptide Cisplatin Combination  




exposed to the peptide alone (Figure 26; Student’s t test; peptide treated: 1.0 ± 0.12; 
combination: 0.45 ± 0.06; p= 0.007). Furthermore, we could also observe a trend for 
smaller size on the xenografts exposed to the peptide in combination with cisplatin, 
compared to cisplatin alone (cisplatin treated: 0.70 ± 0.11; combination: 0.45 ± 0.06; p= 
0.05). Therefore, the in ovo findings seem to substantiate the in vitro results regarding 
the peptide ability to induce cisplatin sensitisation.   
 
4.4.6. The levels of auto-antibodies towards high density lipoprotein and 
apolipoprotein A1 were investigated in women suffering from ovarian disease  
The levels of anti-HDL and anti-ApoA1 IgG antibodies were quantified in 19 women with 
ovarian cancer, in 17 women with benign ovarian disease and also in 54 healthy 
volunteers. No significant differences were found between groups regarding the levels 
of anti-HDL antibodies (Figure 27; Panel A; Kruskal-Wallis test with Dunn’s multiple 













































































































Figure 27 Auto-antibodies towards high density lipoprotein and apolipoprotein A1 in women suffering from 
malignant and benign ovarian disease comparatively to healthy women. The serum levels of auto-antibodies 
towards high density lipoprotein (HDL; Panel A) and apolipoprotein A1 (ApoA1; Panel B) were quantified in women 
with malignant and benign ovarian disease and also in healthy volunteers. Data are presented as median [IQR]. 
Kruskal-Wallis test with Dunn’s multiple comparison post-test was employed as statistical test. Differences were 







In the current study, we demonstrated the effect of ApoA1 and the ApoA1 mimetic 
peptide 4F (Ac-F3,1418A-NH2) as suppressors of ovarian tumorigenesis. The anti-
tumorigenic properties of both ApoA1 and ApoA1 mimetic peptides have been recently 
explored in different types of malignancies, including melanoma, lung cancer 
(Zamanian-Daryoush et al., 2013; Zamanian-Daryoush and DiDonato, 2015), colorectal 
cancer (Gkouskou et al., 2016) and ovarian cancer (Su et al., 2010; Gao et al., 2011; 
Ganapathy et al., 2012). The main novelties reported in this Chapter, which distinguish 
this work from previous findings, are the ability of human ApoA1 to suppress the 
invasive phenotype of ovarian cancer cells, and the chemosensitisation induced by the 
ApoA1 mimetic peptide.  
ApoA1 is best known for its role in the regulation of cholesterol homeostasis and in 
reverse cholesterol transport (Heinecke, 2012; Kingwell et al., 2014), however this anti-
atherogenic apolipoprotein has also a crucial importance in ovarian physiology and in 
the regulation of steroidogenesis (Enk et al., 1986; Bogan and Hennebold, 2010; 
Sriraman et al., 2010). It is known that the levels of ApoA1 are remarkably reduced in 
serum and in the ovarian tissues of women suffering from ovarian cancer (Wegdam et 
al., 2014). For this reason, ApoA1 was included in a panel of five serum biomarkers 
commercially available for assessing the likelihood of malignancy of an ovarian mass, 
prior to surgery (Nolen and Lokshin, 2013). Moreover, it is recognised that higher serum 
ApoA1 levels are associated with a better prognosis for ovarian cancer patients (Stavnes 
et al., 2014) and also for patients suffering from other tumours, such as nasopharyngeal 
carcinoma, renal cell carcinoma, breast cancer, colorectal and lung cancer (Walter et al., 
2012; Cheng et al., 2015; Luo et al., 2015; Guo et al., 2016; Lin et al., 2017; Sirniö et al., 
2017). In vivo and in vitro evidence also supports the hypothesis of an anti-tumorigenic 
effect of ApoA1. For instance, overexpression of human ApoA1 decreased tumour 
development in rodent models of melanoma and lung cancer, while ApoA1 knockout 
had the opposite effect in the same animal models (Zamanian-Daryoush et al., 2013). 
Importantly, subcutaneous injection of human ApoA1 decreased tumour burden, 
prevented metastatic growth and improved survival of mice previously inoculated with 




Daryoush et al., 2013), arguing for the potential therapeutic applications of ApoA1 for 
cancer at more advanced stages. Moreover, ApoA1 ablation exacerbated the 
pathological and inflammatory features and also the proliferative index associated with 
colitis-induced colorectal carcinogenesis in rodents (Gkouskou et al., 2016). Relatively 
to ovarian malignancies, overexpression of human ApoA1 also decreased tumour 
volume, prevented metastatic growth and increased survival in a transgenic mice model 
of ovarian cancer (Su et al., 2010). The anti-tumorigenic mechanisms attributed to 
ApoA1 were related to the modulation of the tumour microenvironment, the inhibition 
of tumour neoangiogenesis, the regulation of inflammatory signalling (eg. through the 
signal transducer and activator of transcription 3 (STAT3) pathway) and to decreased 
levels of pro-invasion factors, such as MMP-9 (Zamanian-Daryoush et al., 2013; 
Zamanian-Daryoush and DiDonato, 2015; Gkouskou et al., 2016). The effect of ApoA1 in 
STAT3-MMP-9 is particularly interesting since aggressive ovarian cancer cells, such as 
SKOV3, express high levels of MMP-9 metalloproteinase through phosphorylation of 
STAT3 at Tyr705 (Jia et al., 2017). Therefore, ApoA1-mediated STAT3 signalling inhibition 
with consequent decreased expression of MMP-9 is consistent with our observation of 
decreased invasion of extracellular matrix in SKOV3 spheroids exposed to ApoA1. 
Additionally, ApoA1 was demonstrated to decrease the viability of gastric 
adenocarcinoma cells in vitro, through abrogating proliferation induced by LPA (Yeh et 
al., 2016), a pro-inflammatory pro-carcinogenic lysophospholipid (reviewed in 
Introduction, Section 2.1.3). It is important to highlight that LPA, whose plasma levels 
are increased in approximately 90% of all ovarian cancer patients (Mills and Moolenaar, 
2003; Bast et al., 2009), is crucially involved in the modulation of several intracellular 
pathways contributing to ovarian cancer pathophysiology (Fang et al., 2002; Ottevanger, 
2017).  
Besides ApoA1, some ApoA1 mimetic peptides have also been explored for their anti-
tumorigenic properties. ApoA1 mimetics are synthetic amphipathic α-helical peptides 
with only 18 aminoacids, that can mimic the structure of an ApoA1 α-helix and replicate, 
at least to some extent, the functional properties of ApoA1 (Datta et al., 2001; Leman et 
al., 2014). In fact, these small peptides are able to effectively mimic several aspects of 




promotion of cholesterol efflux from macrophages, inhibition of monocyte chemotaxis 
induced by oxidised LDL, stabilisation of the PON-1 enzyme and inhibition of the 
atherosclerotic process in the arterial wall (Datta et al., 2001; Xie et al., 2010; Mishra et 
al., 2013; Ying et al., 2013). However, there are some functional differences between 
ApoA1 and its mimetic peptides. For instance ApoA1 mimetic peptides show limited 
ability to activate the LCAT enzyme, unlike ApoA1 which can fully activate this enzyme 
(Datta et al., 2001); in contrast, ApoA1 mimetic peptides can bind to pro-inflammatory 
and oxidised lipids, including LPA, more effectively than ApoA1 (Van Lenten et al., 2008). 
Regarding the effect of ApoA1 mimetics in ovarian cancer, Su and collaborators (2010) 
reported the beneficial effect of two peptides, 4F and 5F (Ac-F11,14,1718A-NH2), in terms 
of tumour development in vivo, after subcutaneous and intraperitoneal injection of an 
epithelial ovarian cancer cell line in mice. The mechanisms implicated in this effect of 
ApoA1 mimetic peptides on ovarian cancer progression were probably related to the 
binding and sequestration of LPA and other inflammatory lipids, consequently leading 
to a reduction in cellular oxidative stress and inhibition of pro-angiogenic signalling (eg. 
HIF-1-dependendent transcription of VEGF) (Saunders et al., 2010; Su et al., 2010; Gao 
et al., 2011, 2012; Ganapathy et al., 2012). In regard to the anti-tumorigenic effects 
reported in the present work, the involvement of LPA sequestration seems plausible due 
to the high-affinity between 4F and LPA (Van Lenten et al., 2008; Su et al., 2010) and 
also considering that all the three ovarian cancer cell lines employed here, unlike normal 
ovarian epithelial cells, produce LPA as an autocrine/paracrine factor, for stimulation of 
proliferation, survival, angiogenesis and for the pro-carcinogenic modulation of tumour 
microenvironment (Hu et al., 2001; Chou et al., 2004; Lee et al., 2006; Thibault et al., 
2014). Moreover, it is recognised that HIF-1-induced VEGF expression can lead to 
increased Akt phosphorylation at Ser473 in ovarian granulosa cells and in ovarian cancer 
cells, consequently leading to increased cell proliferation (Trinh et al., 2009; Irusta et al., 
2010; Shiratsuki et al., 2016). Therefore, ApoA1 mimetic-mediated inhibition of HIF-
1/VEGF signalling could also be involved on the inhibition of Akt phosphorylation 
reported in here, observed in ovarian cancer cells upon exposure to 4F. Additionally, it 
is known that cholesterol depletion in the membrane lipid rafts, promoted by both 
ApoA1 and the ApoA1 mimetic peptides, inhibits Akt signalling (Gaus et al., 2004; 




clarify the involvement and contribution of LPA sequestration or signalling modulation 
in lipid rafts for the effects mediated by ApoA1 and its mimetic peptides.         
Importantly, an extremely large body of evidence demonstrates hyperactivation of 
PI3K/Akt kinases in several malignancies (Altomare and Testa, 2005; Gabra et al., 2008; 
Liu et al., 2009; Stronach et al., 2011; Cheung and Testa, 2013; Mabuchi et al., 2015; 
Hahne et al., 2016). Aberrant PI3K/Akt signalling contributes to several processes that 
are considered cancer hallmarks or that are related to these hallmarks, namely 
increased survival and inactivation of apoptotic mechanisms, uncontrolled cell cycle 
progression, inhibition of tumour suppressor proteins, increased neo-angiogenesis, 
induction of epithelial-mesenchymal transition, enhanced cell invasion, migration and 
metastatic growth (Altomare and Testa, 2005; Gabra et al., 2008; Hanahan and 
Weinberg, 2011; Stronach et al., 2011; Cheung and Testa, 2013; Hahne et al., 2016). 
Both receptors tyrosine kinases (RTKs) and G-protein-coupled receptors (GPCRs) can be 
upstream regulators of Akt signalling (Chou et al., 2004; Moritz et al., 2010; Saunders et 
al., 2010; McKie et al., 2012; Mabuchi et al., 2015; Oda et al., 2015; Riaz et al., 2016; 
Manning, 2017), for instance Gαi/o βγ proteins coupled to LPA receptors can lead to the 
activation PI3K and consequently to phosphorylation of Akt (Saunders et al., 2010; Riaz 
et al., 2016); another example is the opioid-binding protein cell adhesion molecule 
(OPCML), which exerts its tumour suppressor functions through regulation of specific 
RTKs leading to the abrogation of Akt phosphorylation in ovarian cancer cells (McKie et 
al., 2012). Moreover, significant crosstalk between RTKs and GPCRs, affecting the 
PI3K/Akt pathway, has been reported in ovarian granulosa cells and other tissues (Pyne 
et al., 2003; Gavi et al., 2006; Shepard et al., 2008; Oyesanya et al., 2010; Cai and Xu, 
2013; Law et al., 2016). An example is the EGFR-LPA receptor crosstalk in human 
epithelial ovarian cancer cell lines (Oyesanya et al., 2010; Cai and Xu, 2013). Importantly, 
the PI3K/Akt signalling pathway not only contributes to ovarian cancer development and 
tumorigenesis but has also been implicated in the mechanism of chemoresistance of 
ovarian cancer cells to platinum and other drugs, such as taxanes and doxorubicin 
(Blagden and Gabra, 2009; Stronach et al., 2011; Cheraghchi-Bashi et al., 2015; Sasano 
et al., 2015; Brasseur et al., 2017). Therefore, targeting Akt signalling has become an 




al., 2008; Blagden and Gabra, 2009; Stronach et al., 2011; Cheraghchi-Bashi et al., 2015; 
Gungor et al., 2015; Sasano et al., 2015). Here we demonstrated for the first time that 
an ApoA1 mimetic peptide, affecting Akt signalling, can be useful as a platinum-
sensitising agent, enhancing the response to chemotherapy, although the in ovo CAM 
assay needs further optimization in order to definitively prove this effect in a biologically 
relevant system. The potential translational applications of these therapeutic 
approaches are particularly promising, considering that up to 85% of women with 
epithelial ovarian cancer who achieve full remission after 1st line chemotherapy will 
develop recurrent disease (Foley et al., 2013) and the 5-year survival rate for this disease 
is as low as 46% (Miller et al., 2016). Thus, the combination of conventional cytotoxic 
drugs with agents targeting the PI3K/Akt pathway can bring real benefits to those 
patients. 
Considering the evidence discussed above on the role of ApoA1 in the cancer context, 
we investigated the levels of auto-antibodies towards HDL and ApoA1 in women with 
malignant and benign ovarian disease comparatively to the levels observed in healthy 
women. The antibodies towards HDL and ApoA1 are recognised as strongly pro-
inflammatory, being able to activate inflammatory pathways through interaction with 
TLR2 and TLR4, consequently leading to increased expression of MMP-9 in vascular cells 
and activating PI3K/Akt signalling in cardiomyocytes (Chistiakov et al., 2016). Although 
it is not clear if this antibody-induced pathophysiological mechanism is relevant for 
ovarian cancer, it is known that ovarian tumours express higher levels of TLR2 and TLR4 
than the normal ovarian surface epithelia (Zhou et al., 2009; Woods et al., 2011). 
However, there is a scarcity of studies focusing on these antibodies in malignant 
diseases. As far as we know, this is the first study investigating the levels of anti-HDL and 
anti-ApoA1 antibodies in women with malignant and benign ovarian disease. We have 
not found any differences on the levels of such antibodies among women with ovarian 
disease comparatively to healthy controls. A possible explanation for this observation 
would be the decreased levels of ApoA1 (i.e. decreased levels of the antigen) in ovarian 
cancer patients (Wegdam et al., 2014).                   
Here, it was demonstrated that the ApoA1 mimetic peptide does not affect the viability 




concerning the absence of toxicity towards non-cancerous cells, at least in vitro, and 
therefore a lower potential for off-target effects. A single oral dose of 4F peptide, 
corresponding to a peak plasma concentration of 0.01 µg/mL, was well tolerated in 
patients with coronary heart disease (Bloedon et al., 2008); higher doses were 
subcutaneously administered to mice, reaching a peak plasma concentration of 61 
µg/mL (Navab et al., 2011). Further studies are needed to assess the safety of ApoA1 
and its mimetic peptides at relevant doses for the anti-tumorigenic and 
chemosensitising effect. Additionally, it would be worth to investigate the potential of 
ApoA1 booster therapies for cancer treatment. Our team provided evidence for the 
ApoA1 booster effect of NVP and its phase I metabolite 2-OH-NVP (cf. Chapter 3 of the 
current dissertation; Marinho et al., 2014a), thus NVP, the 2-OH-NVP metabolite or an 
analogue would be an excellent starting point for exploring the usefulness of ApoA1 
boosters in ovarian cancer therapy. Moreover, and besides its effect on ApoA1, NVP 
anti-proliferative properties have been studied before. In fact, in vitro exposure to NVP 
at concentrations up to 400 µM caused cell cycle arrest in different human cancer cell 
lines, including colorectal adenocarcinoma, hepatocellular carcinoma, breast cancer, 
astrocytoma, osteosarcoma, melanoma and prostate carcinoma cell lines (Mangiacasale 
et al., 2003; Sciamanna et al., 2005; Fang and Beland, 2013). Inhibition of the 
endogenous reverse transcriptase in cancer cells is thought to contribute to the NVP 
effect on cell proliferation, due to the potential oncogenic activity of the endogenous 
non-telomerase reverse transcriptase (Sciamanna et al., 2005; Sinibaldi-Vallebona et al., 
2006; Chow et al., 2009). However NVP is also able to induce an anti-proliferative 
response in cancer cells with no reverse transcriptase activity (Fang and Beland, 2013), 
suggesting that possibly a more direct toxic mechanism might be underlying NVP effect 
in some cancer cells (Paemanee et al., 2017). As discussed before, NVP toxic reactions 
(reviewed in Introduction, Section 3.2; Marinho et al., 2014c) and its ApoA1 booster 
effect (cf. Chapter 1; Marinho et al., 2014a) are both predominant among female 
patients; these observations lead us to speculate if the sex-dependent dimorphic profile 
of toxicity and ApoA1 modulation might contribute to a better therapeutic outcome for 
women suffering from ovarian cancer. As far as we know, this approach has never been 
tested in ovarian cancer patients, however a case report demonstrated the efficacy of 




papillary thyroid carcinoma, who received the conventional treatment in association 
with 400 mg NVP daily for 7 months (Modoni et al., 2007); unfortunately, neither NVP 
pharmacokinetic profile nor ApoA1 levels were assessed in this patient, which prevents 
us from making further considerations on the mechanism behind this positive outcome. 
In conclusion, this work not only confirms the anti-tumorigenic properties of ApoA1 and 
ApoA1 mimetic peptides, but also supports the notion of these biomolecules as 
chemosensitising agents in ovarian cancer. Considering that the emergence of 
chemoresistance is a major challenge in the management of ovarian cancer (Foley et al., 
2013; Palmirotta et al., 2017) and the dismal prognosis associated with this malignancy 
(Miller et al., 2016), the therapeutic use of ApoA1, ApoA1 mimetics or an ApoA1 booster, 
such as 2-OH-NVP or other NVP analogues, could have a real positive impact for ovarian 










The research work described in the current dissertation was focused on the re-profiling 
of NVP, a widely prescribed antiretroviral, as an HDL modulator. Many studies have 
associated NVP treatment with beneficial changes in the lipid profile of HIV-infected 
patients, particularly regarding increases in HDL-cholesterol (Ruiz et al., 2001; van der 
Valk et al., 2001; Clotet et al., 2003; van Leth et al., 2004; Sankatsing et al., 2007; Floridia 
et al., 2009; Franssen et al., 2009; Podzamczer et al., 2011; 2014; Soriano et al., 2011; 
Strehlau et al., 2012; Arpadi et al., 2013). It has been reported that NVP ability to 
modulate HDL and ApoA1 is an intrinsic property of the drug and not a consequence of 
HIV replication control (Sankatsing et al., 2007; Franssen et al., 2009). Moreover, these 
NVP-associated changes might be translated into real clinical benefits, being associated 
with a significant reduction of atherosclerotic lesions (Maggi et al., 2011; Gleason et al., 
2016). Importantly, induction of ApoA1 synthesis was recently recognised as one of the 
most promising strategies for long-term prevention of atherosclerosis (Gadkar et al., 
2016). Despite the clinical interest in pharmacological approaches targeting ApoA1 and 
HDL, currently there are no drugs to effectively increase HDL-cholesterol levels or to 
improve HDL particle functionality. All the attempts to develop an ApoA1/HDL booster 
have failed due to toxicity or lack of clinical benefit (Table1). Based on these premises, 
NVP seemed to us an interesting starting point for the development of an HDL booster. 
Though intriguingly, NVP as a CAR agonist (Faucette et al., 2006) would probably not be 
the molecule responsible for the modulation of HDL-cholesterol observed upon NVP 
treatment, as CAR activation decreases the hepatic expression of ApoA1 and therefore 
the levels of HDL-cholesterol (Masson et al., 2008; Naik et al., 2013). Would be a NVP 
metabolite the responsible for the modulatory effect on HDL? 
Moreover, NVP association with idiosyncratic skin rash and hepatotoxicity is a major 
drawback, preventing its re-profiling for other therapeutic areas. Our research team 
(Antunes et al., 2008, 2010a, 2010b; Caixas et al., 2012; Marinho et al., 2014c; Pinheiro 
et al., 2015, 2017) and others (Chen et al., 2008; Srivastava et al., 2010; Meng et al., 
2013; Sharma et al., 2013; Dekker et al., 2016) have conducted several studies on NVP 
pharmacokinetics and toxicokinetics. These studies have clarified that NVP-induced 
toxicity is a biotransformation-driven process, associated with specific metabolic 




NVP lipid-friendly properties and biotransformation-related toxicity have prompted us 
to investigate the relations between NVP-based treatment, NVP biotransformation and 
NVP-induced modulation of HDL, particularly focusing on ApoA1 and PON-1 – two 
constituents of HDL proteome crucially involved in HDL functionality.  
A brief summary of the relevant findings reported in the present dissertation, some 
considerations regarding the contributions of this work to the field of study, as well as 
the limitations of the research work and future studies needed, are presented below.    
   
1. Summary of relevant findings 
In the clinical study reported in Chapter 1, it was demonstrated that NVP treatment 
beneficially modulates HDL-cholesterol levels and, more importantly, HDL functionality. 
In fact, in both the prospective and the cross-sectional studies, NVP treatment was 
associated with higher levels of HDL-cholesterol and ApoA1, higher PON-1 activities, and 
lower levels of anti-HDL and anti-ApoA1 antibodies, reflecting an overall better 
functionality of HDL particles. We have also demonstrated that NVP-induced 
modulation of HDL quality is a drug-specific feature that was not observed when HIV-
infected patients were treated with other antiretroviral schemes. Furthermore, sex was 
identified as a factor influencing NVP-induced modulation of HDL-cholesterol and ApoA1 
levels, with women generally showing more beneficial changes upon NVP treatment. 
Interestingly, in the prospective clinical study (cf. Chapter 1), it was evident that NVP-
induced modulation of different aspects of HDL functionality does not occur at the same 
time. The earliest event upon initiating NVP-based treatment was the decrease in the 
levels of anti-HDL antibodies, while the modulation of other study end-points was a later 
occurrence. This is an interesting observation considering the temporal changes in NVP 
metabolite profile, when patients increase NVP dose from the administration of 200 mg 
once daily to the steady-state 400 mg dose (Fan-Havard et al., 2013). In fact, there is an 
early predominance of 2-OH-NVP, while in the steady-state there is a decrease in the 
levels of 2-OH-NVP and a concomitant increase in the levels of 3-OH-NVP (Fan-Havard 
et al., 2013). NVP-induced CAR activation can lead to the induction of CYP2B6 (Faucette 




1999), and also to the induction of several hepatic SULTs (Alnouti and Klaassen, 2008), 
therefore contributing to increased formation of 3-OH-NVP and concomitantly 
decreased levels of unconjugated 2-OH-NVP, through increased phase II conjugation of 
this metabolite. This explanation is coherent with our observation of steady-state NVP 
plasma levels strongly associated with 3-OH-NVP levels. This assumption is also 
consistent with a later modulatory effect on HDL, when there is enough accumulation 
of a NVP metabolite, as reported in Chapter 3, regarding the delayed modulation of 
ApoA1 the 3D hepatocyte model exposed to NVP and 2-OH-NVP. In fact, to complement 
the clinical studies, we performed in vitro studies employing three different models of 
hepatocytes, in order to isolate the individual contribution of NVP metabolites and to 
further examine the role of NVP biotransformation on the modulation of hepatic ApoA1 
synthesis and PON-1 activities. These in vitro studies, reported in Chapter 2 and 3, 
demonstrated the usefulness of a more physiologically relevant hepatocyte system for 
studying the effects of drugs that undergo extensive phase I and phase II 
biotransformation, as is the case for NVP. We demonstrated that the boosting effect of 
NVP on hepatic ApoA1 seems to be dependent on 2-OH-NVP formation and subsequent 
biotransformation of this phase I metabolite. Regarding NVP-induced PON-1 
modulation, the 12-OH-NVP formation seems to be the main factor mediating this 
effect. To the best of our knowledge, this is the first evidence on the significance of NVP 
biotransformation on the modulation of HDL functionality. Moreover, as far as we know 
this is the first time that a drug is associated with decreased levels of anti-HDL and anti-
ApoA1 antibodies (Batuca, 2013).   
These findings are particularly relevant considering the importance of PON-1 and ApoA1 
as therapeutic targets. For instance, PON-1 has been implicated in the pathogenesis of 
several cardiovascular, metabolic, neurodegenerative and oncologic diseases (Table 3) 
and its pharmacological modulation has been already suggested for therapeutic 
purposes (Sena et al., 2013). Regarding ApoA1, the upregulation of this HDL-associated 
apolipoprotein is one of the most promising approaches to increase HDL-cholesterol 
levels and HDL function, and for the promotion of reverse cholesterol transport and 
long-term prevention of atherosclerosis (Gadkar et al., 2016). Moreover, and beyond 




factor in ovarian cancer (Edelson, 2010; Su et al., 2010). For this reason, in Chapter 4 of 
this dissertation we have explored the effects of ApoA1 and an ApoA1 mimetic peptide 
on the malignant phenotype of ovarian cancer cells. The full-length ApoA1 and the 4F 
peptide were both able to decrease ovarian cancer cells viability. ApoA1 was able to 
decrease the invasiveness of cancer cells, while the ApoA1 mimetic peptide strongly 
supressed Akt signalling. In accordance with this effect on Akt pathway, the ApoA1 
mimetic peptide was able to sensitise ovarian cancer cells to cisplatin, and this 
sensitisation effect was observed both in vitro and in the biologically relevant in ovo 
CAM model. These observations support the role of ApoA1 as a suppressor of ovarian 
tumorigenesis and as a chemosensitising agent in ovarian cancer. In addition, we have 
evaluated the levels of anti-HDL and anti-ApoA1 antibodies in women suffering from 
benign and malignant ovarian disease comparatively to healthy controls. However, no 
differences were observed on the levels of anti-HDL and anti-ApoA1 antibodies.    
   
2. What are the contributions of the present work to the pharmacological field? 
2-hydroxy-nevirapine as a template for the rational design of drugs aimed at 
increasing the systemic levels of apolipoprotein A1 
The 2-OH-NVP metabolite was the compound identified as being responsible for the 
increase in hepatic synthesis of ApoA1 observed upon NVP exposure, in the 3D in vitro 
model of hepatocytes (cf. Chapter 3). Another interesting feature of 2-OH-NVP is its 
lower potential for toxicity. The formation of a reactive quinone-imine derived from 
oxidation of 2-OH-NVP is possible (Antunes et al., 2011), however this quinone-imine 
was only detected in vitro, after incubations of 2-OH-NVP with chemical oxidants and 
enzymes. The in vivo and clinical relevance of this reactive specie has yet to be 
confirmed, particularly because most of the 2-OH-NVP metabolite undergoes 
preferentially phase II sulfoconjugation and glucuronoconjugation (Pinheiro et al., 
2017), instead of further oxidation.  
Considering the effects of 2-OH-NVP in hepatic ApoA1 synthesis and its lower potential 




profile) could be useful for the rational design of drugs aimed at increasing the systemic 
levels of ApoA1. A drug with these ApoA1 booster properties would eventually benefit 
patients with dyslipidaemia characterized by low HDL-cholesterol levels and poor HDL 
functionality, and patients at increased risk of cardiovascular diseases and 
atherosclerosis. Moreover, the therapeutic applications of such compound could be 
expanded to gynaecological oncology, although further studies are needed to assess the 
benefits of an ApoA1 booster for oncologic patients.  
 
A better understanding of the mechanisms involved in nevirapine-induced modulation 
of high density lipoprotein levels and functionality 
The research work reported in Chapters 1, 2 and 3 of the current dissertation contributes 
to a better knowledge of how NVP biotransformation affects HDL modulation. Herein, 
we demonstrate that different biotransformation pathways might be involved in the 
modulation of different aspects of HDL functionality. The 2-OH-NVP metabolite seems 
to be more related with increases in hepatic synthesis of ApoA1, possibly upon phase II 
biotransformation of 2-OH-NVP (cf. Chapter 3), while the 12-OH-NVP metabolite seems 
to be more involved in the modulation of PON-1 activities (cf. Chapter 2).  
A better knowledge of the mechanisms involved in the NVP modulatory effect on ApoA1 
and PON-1 is essential and can pave the way for the development of new drugs targeting 
HDL functionality, as described above for 2-OH-NVP. Similarly, the 12-OH-NVP 
metabolite might be valuable for the rational design of an analogue, with a better 
toxicokinetic profile than 12-OH-NVP, targeting PON-1 activities. Such a molecule would 
possibly enrich the therapeutic arsenal for a wide range of pathological conditions in 
which oxidative stress plays a central role.  
     
The identification of a better in vitro hepatocyte model for investigating the effects of 
small molecules subjected to extensive biotransformation  
In Chapter 2 and 3, our experimental approach was based on the comparison between 
three different in vitro models of hepatocytes, which allowed the identification of the 




modulation by NVP. In fact, the 3D hepatocyte model employed here mimics the in vivo 
cell organization, physiology and metabolic function (Miranda et al., 2009). 
Furthermore, the 3D culture of hepatocytes is able to effectively promote NVP 
biotransformation and bioactivation, generating the same metabolite profile observed 
in vivo (Pinheiro et al., 2017). Resorting to this methodological approach, we 
demonstrated that the selection of an adequate in vitro model is particularly relevant 
when investigating the pharmacological effects of compounds that suffer extensive 
phase I and phase II biotransformation, as is the case for NVP. 
 
The identification of apolipoprotein A1 as an anti-tumorigenic protein and as a 
chemosensitising agent in ovarian cancer 
In Chapter 4 we provided evidence showing that ApoA1 is able to modulate the 
malignant phenotype of ovarian cancer cells. By testing full-length human ApoA1 and a 
mimetic peptide, we demonstrated that these compounds can affect ovarian cancer 
cells viability, invasiveness, platinum sensitivity and oncogenic signalling through Akt. 
Importantly, the results regarding sensitisation to platinum were observed not only in 
vitro but also in the biologically relevant CAM model. These preliminary data support 
the hypothesis of ApoA1 as an anti-tumorigenic protein and as a platinum-sensitising 
agent, raising important questions regarding the application of ApoA1 boosters for 
treating ovarian malignancies. Theoretically, a therapy increasing the circulating levels 
of ApoA1 can have a positive impact on the ovarian cancer outcome by decreasing the 
ability of cancer cells to invade the extracellular matrix, which is an important initial step 
in the development of metastasis (Steeg, 2016), and by increasing the sensitivity of 
cancer cells to platinum-based chemotherapy. The sensitisation effect can be 
particularly relevant in the clinics since platinum resistance is a major challenge in 
ovarian cancer treatment (Gabra et al., 2008; Blagden and Gabra, 2009; Stronach et al., 






3. Which are the limitations of the present work? 
We have not tested the effect of minor NVP metabolites on PON-1 and ApoA1 in the in 
vitro hepatocyte models (cf. Chapter 2 and 3).  
In Chapter 4, we have assessed the effect of ApoA1 and an ApoA1 mimetic peptide on 
the malignant phenotype of ovarian cancer cells. Likewise, other authors have also 
employed ApoA1 mimetic peptides for studying ApoA1 anti-tumorigenic properties (Su 
et al., 2010; Gkouskou et al., 2016). Despite the remarkable functional similarities 
between ApoA1 and its mimetic peptides (Datta et al., 2001; Xie et al., 2010; Mishra et 
al., 2013; Ying et al., 2013), these compounds can also present some functional 
differences (Datta et al., 2001; Van Lenten et al., 2008). One of these differences is 
related to LPA affinity (Van Lenten et al., 2008). In fact, while ApoA1 can effectively bind 
to LPA (Yeh et al., 2016), ApoA1 mimetic peptides present higher affinity towards this 
inflammatory phospholipid (Van Lenten et al., 2008). While not diminishing the 
relevance of the findings reported in Chapter 4, this difference in LPA affinity can be 
regarded as a limitation when using ApoA1 mimetic peptides as surrogates to 
investigate the anti-tumorigenic properties of ApoA1. Nevertheless, in vivo evidence (Su 
et al., 2010) supports that both overexpression of ApoA1 and treatment with ApoA1 
mimetic peptides have a beneficial impact in terms of ovarian cancer development, 
leading to decreased tumour growth and prevention of metastasis formation, therefore 
arguing that the functional differences between ApoA1 and ApoA1 mimetic peptides are 
possibly less relevant in an in vivo system. Even so, in future studies, it would be 
important to evaluate the impact and the relevance of these differences.  
Other limitations of the research work described in Chapter 4 are worthy of note. Firstly, 
the high embryo mortality in the CAM assay, which was caused by malfunctioning of the 
incubator, affecting temperature and humidity controls. Despite this methodological 
limitation, the in ovo findings confirmed the in vitro results regarding platinum 
sensitisation. Another limitation was the lack of clinical information for women included 





4. What should be addressed in future studies?  
The following topics highlight some aspects that were not addressed in the present 
research work and deserve consideration in future studies. 
   
• Mechanistically, it would be worth investigate the effect of NVP metabolites in 
the activation of a panel of nuclear receptors that can mediate the upregulation 
of ApoA1 and PON-1; additionally, future studies might investigate if NVP and 
its metabolites are able to promote inhibition of the α-subunit of FNT and affect 
hepatic ApoA1 secretion, as investigated before for lopinavir and atazanavir 
(Coffinier et al., 2007); 
• Investigate the effect of 2-OH-NVP and 2-OH-NVP sulfate as ApoA1 boosters for 
the treatment of dyslipidaemia and prevention of atherosclerosis in vivo, and 
evaluate its tolerability in animal models;    
• Assess the effect of 12-OH-NVP analogues in terms of PON-1 modulation in vitro, 
in order to clarify if these compounds keep the ability to modulate PON-1; it 
would be important to fully characterize the toxicological profile of these 
analogues (i.e. potential to undergo bioactivation into reactive species, 
potential to form adducts with biomacromolecules and induce toxic reactions in 
vivo, etc.). It would be interesting to evaluate NVP derivatives as well. For 
instance, a NVP derivative blocked at carbon-12 position might retain PON-1 
modulation ability and promote the preferential formation of 2-OH-NVP sulfate, 
allowing concomitant ApoA1 modulation;   
• Regarding the effect of ApoA1 and ApoA1 mimetics in ovarian cancer, future 
studies must clarify the involvement of LPA sequestration, the modulation of 
oncogenic signalling in lipid rafts, and the contribution of other mechanisms to 
the anti-tumorigenic and sensitising effects mediated by these molecules;  
• Finally, it would be worth investigating the potential of ApoA1 booster 
therapies, particularly NVP and 2-OH-NVP, in rodent models of ovarian cancer 
and compare the effect of these compounds with the administration of ApoA1 





The re-profiling of commonly used drugs is an established strategy that allows existing 
molecules to be applied for new therapeutic indications (Langedijk et al., 2015), 
although the re-profiling of a metabolite, derivative or analogue of a well-known drug 
into a new active pharmaceutical ingredient is less common (Mazerbourg et al., 2016). 
Drug re-profiling can be a rich source of therapeutic solutions for several diseases, 
allowing the emergence of new treatments at a lower cost comparatively to the 
traditional drug development process (Dilly and Morris, 2017). As discussed along this 
dissertation, NVP has been used in the clinical practice for more than two decades 
(Bowersox, 1996) and its pharmacological and toxicological profile has been extensively 
studied (Erickson et al., 1999; Lamson et al., 1999; Riska et al., 1999a, 1999b; Antunes 
et al., 2008, 2010a, 2010b, 2011; Chen et al., 2008; Wen et al., 2009; Popovic et al., 2010; 
Srivastava et al., 2010; Yuan et al., 2011; Caixas et al., 2012; Meng et al., 2013; Sharma 
et al., 2013; Kranendonk et al., 2014; Marinho et al., 2014a, 2014b, 2014c; Pinheiro et 
al., 2015, 2017; Dekker et al., 2016) as well as its positive impact on the lipid profile (van 
der Valk et al., 2001; Ruiz et al., 2001; Clotet et al., 2003; van Leth et al., 2004; Sankatsing 
et al., 2007; Franssen et al., 2009; Podzamczer et al., 2011, 2014; Strehlau et al., 2012; 
Arpadi et al., 2013; Marinho et al., 2014a, 2016). Here, we have contributed to a better 
understanding of the role of biotransformation in NVP-induced modulation of HDL 
particle functionality, particularly focusing on ApoA1 and PON-1. This 
biotransformation-oriented approach is really innovative considering that drug 
biotransformation has been always neglected as a determinant factor for NVP lipid-
friendly properties, even in more mechanistic studies resorting to sophisticated 
methodologies as the research reported by Franssen and collaborators (2009). 
Moreover, we have also provided new insights into the potential of ApoA1 in ovarian 
cancer therapy, either alone or in combination with chemotherapeutic drugs, although 
further studies must be conducted to assess the usefulness of HDL/ApoA1 booster 
therapies in gynaecological oncology. In conclusion, the re-profiling of NVP as an HDL 
modulator seems a reasonable and suitable strategy for the treatment of diseases 
associated with poor HDL functionality, from cardiovascular diseases to cancer, or even 




dissertation will contribute to the development of drugs that can bring real benefits to 
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